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1.1 Global incidence and risk factors 
Kidney cancer is ranked as the 16th most common cancer globally, presenting itself most commonly in the 

elderly between 60 - 74 years of age1. In countries such as Australia, United States and the United Kingdom 

the incidence is much higher2-4 suggesting a link between a higher prevalence of kidney cancer and a 

region’s socioeconomic status2,5. Possible explanations for this include an increased utilization rate of 

diagnostic imaging tools6,7 contributing to incidental diagnosis of kidney cancers8-11, as well as lifestyle 

factors such as smoking12,13, obesity14 and hypertension15,16 which are more common in these regions17-19. 

Hereditary kidney cancers makeup roughly 4% of the incidence20 and are associated with genetic diseases 

such as Von Hippel-Lindau disease, Tuberous Sclerosis disease21 and Birt Hogg-Dube syndrome22.  

In 2018 the estimated number of new kidney cancer cases worldwide was 403 262 which has been projected 

to reach 650 000 by the year 204023. Despite this increase in incidence for renal cell carcinomas24, mortality 

rates have remained relatively unchanged2,25,26. Early diagnosis of kidney cancers has shown a pattern of 

disease downstaging27,28 leading to more favourable intervention options. From 2004 - 2014 the US 

National Cancer Database29 showed that more than 50% of kidney cancer diagnoses were related to small, 

early-stage disease, with less than 20% of cases presenting with metastatic disease. The 5-year relative 

survival rate currently is 92.5% for localised disease, 69.6% for regional disease (lymph node invasion) 

and 12% for metastatic spread of disease30.  

For early stage-localised disease, surgery is the gold standard for management31-33. However, for the elderly, 

those who have co-morbidities, have a single kidney or bulky disease there are limited alternatives for 

treatment34. Historically, radiation therapy has shown little benefit in prolonging survival35. However, in 

recent years, advances in technology and clinical practice have changed this notion. This thesis will focus 

on the role of radiation therapy as a treatment option for localised kidney treatment. The technical 

challenges that have limited its use in the past will be discussed and solutions demonstrated to show the 

efficacy and safety of current radiation therapy treatment.  

1.2 Anatomy of the kidney 

The kidneys are part of the urinary system involved in the removal of body waste in the bloodstream. They 

are bilateral organs located in the posterior abdomen with a convex shape that is capped by the adrenal 

gland and surrounded by fatty adipose tissue. The Gerota’s fascia is a layer of connective tissue that 

encapsulates the kidney and adrenal gland (Figure 1a). Within the internal concave side of the kidney 

resides the renal hilum with the renal vein, renal artery and ureter exiting the kidney. The smooth outer 

layer of the kidney is the cortex and the inner part of the medulla which is composed of nephrons used in 

the filtration and reabsorption of water and amino acids36. The glomerular capsule is the site of high-

pressure filtration of the blood which produces the nephron filtrate. This is passed through the proximal 

tubule where most of the reabsorption of metabolites occurs. The filtrate passes through a long descending 

loop which then ascends forming the loop of Henle before passing out through the renal papilla as urine 

(Figure 1b). 
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Figure 1. External and internal kidney anatomy and function 

1a) The adrenal gland and kidney organ are surrounded by a layer of fatty tissue encapsulated by connective tissue known as 

Gerota’s fascia. The renal pelvis, located at the centre of the kidney, is the location of urine collection37. 1b) Connecting between 

the outer cortex and inner medulla of the kidney are nephrons involved in the reabsorption of water and metabolites. Blood passes 

through the artery to the arterioles building up high pressure at the glomeruli to facilitate water and amino acid exchange38.  

In the surrounding abdominal cavity is the gastrointestinal system including the stomach, small bowel, large 

bowel, spleen, liver and pancreas (Figure 2). 

 

Figure 2. Anatomy of the kidney and surrounding organs.  

The right and left kidneys are located in the posterior abdomen with little affixation to bony anatomy. Surrounding radiosensitive 

organs include stomach, liver, small bowel, large bowel and spinal cord. Source: Stanford Radiation Oncology Center 

 



 19 

1.3 Kidney cancer classification and staging 
Kidney cancers are classified as any neoplasm originating from any part of the kidney tubular epithelium39. 

Over forty histological variations of malignant and benign disease have been identified40. Renal cell type 

cancers that develop within the proximal and distal nephron tubules make up a large proportion of the 

disease with the most common histology being conventional clear cell carcinoma (73 – 78%), followed by 

papillary (10.2 - 18%) and then chromophobe type carcinoma (6 - 8.2%)27,28,40-42. Kidney cancers are 

classified according to the American Joint Committee on Cancer (AJCC) TNM staging system which 

reports the size of the tumour (T), nodal involvement (N), presence of metastatic disease (M) and if 

available, pathologic grade. Table 1 is a detailed summary of the TNM system to differentiate early and 

late-stage disease43. 

Table 1. Classification of kidney cancers using the TNM system published by AJCC 8th Edition 

Stage Description 

TX Primary tumour cannot be assessed 

T0 No evidence of primary tumour 

T1 Tumor 7cm or less in greatest dimension, limited to the kidney 

T1a 

T1b 

Tumour 4cm or less (limited to kidney) 

Tumour >4cm but less than 7cm (limited to the kidney) 

T2 

T2a 

T2b 

Tumour greater than 7cm and confined to the kidney 

Tumour >7cm but less than or equal to 10cm  

Tumours >10cm limited to kidney 

T3 Tumour extension into major veins or perinephric tissue but not into ipsilateral 

adrenal gland or the Gerota’s fascia 

T3a Tumour grossly extends into renal vein or its segmental branches or invades 

the pelvicalyceal system, or invasion into perirenal or renal sinus fat but not 

beyond Gerota’s fascia. 

T3b Tumour extends into vena cava below diaphragm 
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Staging of kidney cancers (Table 2) is done based on tumour size and presence of local and distant 

node/organ invasion43.  

Table 2. Staging of kidney cancers based on tumour size, nodal involvement and presence of 

metastatic disease. 

Stage T N M 

1 T1 N0 M0 

2 T2 N0 M0 

3 T1 - T2 

T3a - T3c 

N1 

N0 - N1 

M0 

M0 

4 T4 

Any T 

N0 - N1 

Any N 

M0 

M1 

 

Pathological grading of the disease is performed to differentiate slow-growing from faster/more aggressive 

cancers. The Fuhrman’s grading system defines four levels: G1 - well differentiated, G2 - moderately 

differentiated, G3 - poorly differentiated, G4 - undifferentiated and GX - grade cannot be assessed44.   

1.4 Current standard of care for kidney cancers 
Surgery has been the gold standard for early-stage, localised tumours of the kidney34,45 with 5-year cancer-

specific survival rates greater than 95%46,47. Small localised tumours less than 4cm in size can be treated 

with a partial nephrectomy reducing the risk of chronic kidney disease48 and showing better overall survival 

T3c Tumour extension into vena cava above diaphragm or into walls of vena cava, 

T4 Tumour extension into ipsilateral adrenal glands or beyond the Gerota’s 

Fascia. 

NX Regional lymph node cannot be assessed 

N0 No regional lymph node 

N1 Metastases in regional lymph node(s) 

M0 No distant metastases 

M1 Distant metastases present 
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compared to a full nephrectomy49. The decision behind the surgical technique is largely driven by the ability 

to spare as much functional renal parenchyma as possible. As chronic kidney disease has been associated 

with increased risk in mortality50, preserving kidney function post-surgery becomes important. A meta-

analysis was able to show that in patients with clinically diagnosed T1b and T2b kidney cancers, a partial 

nephrectomy, compared to a full nephrectomy, resulted in higher post-operative kidney function (p <0.001) 

and higher all-cause mortality rates (OR = 0.67; p = 0.005). This analysis was limited by several differences 

between the cohorts. Compared to the group of patients that underwent a full nephrectomy, those that had 

a partial nephrectomy were typically younger of age, had smaller tumours and less likely to be diagnosed 

with a malignant histologic subtype51. For larger T2 to T3 kidney tumours, the benefits of a partial 

nephrectomy are still indeterminate as studies comparing overall survival between a partial nephrectomy 

and full nephrectomy, have shown no meaningful survival differences52-56. One criticism that has been made 

about retrospective reports favouring partial nephrectomy over a full nephrectomy, is the possible selection 

bias made when deciding if a patient is suitable for a partial nephrectomy. A phase 3, randomised control 

study comparing a full nephrectomy against a partial nephrectomy for T1 to T2 tumours, showed better 

overall survival for those who underwent a full nephrectomy (p = 0.03), however when matched to cancer 

specific survival, this was no longer significantly different (p = 0.17)57. For large, bulky and complex 

tumours a full nephrectomy is recommended45 providing overall survival greater than 87%58,59 while 

maintaining high quality of life with the remaining kidney60. Postoperative complications from partial and 

full nephrectomy include spleen damage, perioperative bleeding, urinary fistula and haemorrhage57,61 with 

reported rates between 15 - 33%61-63. Contraindications to surgery include age (>80 years), comorbidities, 

cardiovascular status, deep vein thrombus, obesity, tumour location and poor baseline kidney 

function34,45,64-69. In advanced-staged kidney cancers presenting with metastatic disease, decade-old studies 

of cytoreductive nephrectomy combined with immunotherapy have shown median overall survival rates of 

up to 17 months, a significant gain from receiving immunotherapy alone (p ≤ 0.03)70,71. This has set a 

precedence for the use of cytoreductive nephrectomy combined with systemic therapy, as the standard of 

care for patients diagnosed with metastatic renal cancers72-74. Within this group of patients with advanced, 

metastatic renal cancers, the role of a full nephrectomy combined with systemic therapy has been 

questioned by the outcome from more recent clinical trials using modern-day targeted therapies. These 

studies have shown median overall survival rates between 18.4 to 32.4 months when using targeted-therapy 

alone, which was either no different or an improvement (p = 0.03) compared to treatment that was combined 

with cytoreductive nephrectomy75,76. This is not to discount the role of cytoreductive nephrectomy and 

systemic therapy for the treatment of metastatic renal cell cancers, as patient selection-criteria for surgery, 

may have been attributed to the differing study results77,78. 

Thermal ablative therapy is a treatment option for smaller sized kidney tumours (<3cm) and is generally 

favoured for those who are not suitable for surgery or require less invasive nephron-sparing surgery34,45,79. 

There are two commonly used thermal ablative techniques: radiofrequency ablation (RFA) and cryo-

ablation. In RFA, high frequency (375 - 400 kHz) alternating currents are used to generate frictional heat 

(49 - 60 ℃) to an area up to 5cm in diameter80. The electrodes are similar in size to blood drawing needles 
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(15 to 17-gauge) allowing percutaneous insertion with local anaesthesia. The ablative temperature 

discharged from the electrodes is sufficient to cause cell death by protein denaturation, enzyme dysfunction 

and cell membrane destruction81. During cryo-ablation, probes connected to a source of argon or nitrogen 

gas generate spherical ice-balls reaching freezing temperatures down to negative 40 ℃82,83. Individual 

probes can generate ice-balls with a treatment area up to 4cm in length and by combining multiple probes, 

can accommodate larger treatment areas84. For lesions smaller than 3cm RFA and cryo-ablative techniques 

have shown 3-year overall survival rates from 80 - 95%85-89. However, for larger volumes, there are poorer 

outcomes due to size limitations of the treatment area87,88. One advantage of using thermal ablative 

techniques is the ability to localise the probe to the tumour using image-guidance systems such as CT, MRI 

and ultrasound90. When treating larger T1b tumours, incomplete ablation can still occur with reported 

efficacy rates as low as 65%91. A new round of ablation can be performed to eradicate any residual disease 

identified from post-treatment imaging. Similar to surgery, contraindications to this technique include size 

and location of the tumour, anticoagulation difficulties or spinal deformities that prevent access to the 

kidney percutaneously79. Major complication rates, associated with percutaneous ablation, have been 

reported to range from 3 to 7.7%92-94 with overall complication rates as high as 12.2%94,95. Some of the 

serious complications associated with percutaneous ablation includes renal vascular injury, pneumothorax, 

haemorrhage, thermal injury to the ureter, and bowel injury and infection. Urologic complications are 

dependent on the size and site of the tumour within the kidney, with large and centrally located tumours 

contributing to this risk factor96.   

Systemic therapies in the form of targeted therapy, immunotherapy and chemotherapy, have focused on 

patients diagnosed with metastatic renal cell carcinomas to prolong overall survival97-99. During targeted 

therapy, protein pathways such as those promoting tumour angiogenesis are inhibited99,100. Excluding 

patients diagnosed with Von Hippel-Lindau (VHL) disease, a fault in the VHL gene is present in up to 83% 

of renal cell carcinomas101,102. This gene is considered a tumour suppressor regulating the number of 

hypoxia-inducible factors (HIF) in the presence of low oxygen conditions22. When a defective VHL gene 

is present, high concentrations of HIF will promote vascular endothelial growth factor (VEGF) and platelet-

derived growth factors (PDGF) which can ultimately facilitate tumour angiogenesis103-105. Oral drugs such 

as sunitinib and pazopanib target VEGF and PDGF receptors preventing tumour growth99,106,107 and have 

been found to result in partial responses ranging between 16 – 43% and complete responses in 1 to 1.3% 

of patients98,107-109. Survival in these patients can range between eight months up to 29 months98,107,108. 

Another common protein pathway targeted for systemic treatment is the mTOR pathway which has been 

linked upstream to the production of HIF110. Drugs such as everolimus and temsirolimus inhibit the mTOR 

protein pathway preventing tumour growth100. This type of intervention has shown response rates of less 

than 10% with overall survival gains ranging between 10.9 to 14.8 months. The most common side effects 

(grade 3 or higher) have been infections, dyspnoea and fatigue, ranging from 5 - 11%111,112. Immunotherapy 

involves the activation of the immune system to target renal cell cancers. Interferon-alpha (IFN) is a drug 

used to trigger the immune system response, increasing the number of cytotoxic T-cells and natural killer 

cells to target and destroy kidney cancers113-115. Similarly, interleukin-2 (IL2) is a drug that acts to maintain 
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T-cell activity within the body, promoting immune cell differentiation to target renal type cancer cells116-

118. For IFN and IL2, response rates in kidney cancer management have varied between 9 - 23.2% for partial 

responses and 3 - 8.4% for complete responses with overall survival ranging from 13 to 21.1 months. Rates 

of grade 3 (or higher) toxicity such as hypotension, fatigue, cardiac and gastrointestinal related, have ranged 

from 8.4 – 56.8%, precluding its use as a modern therapeutic agent119-122. Another class of immunotherapy 

drug are those targeting the immune checkpoint system. During an immune system response, T-cells are 

regulated by antigens such as cytotoxic T-lymphocytic-associated protein 4 (CTLA4) and programmed cell 

death protein 1 (PD1). When CTLA4 and PD1 proteins bind to an antigen-presenting cell, T-cell activity 

is down-regulated. In a healthy immune system, this prevents an autoimmune system response that could 

harm healthy tissue123. However, when renal cancer cells express ligands receptive with CTLA4 and PD1 

proteins, the down-regulation of the immune system can allow the tumour to proliferate124. Drugs such as 

Ipilimumab (CTLA4 inhibitor) and Nivolumab (PD1 inhibitor) can bind to tumour PD1 and CTLA4 

ligands, preventing the cancer cells from further binding to the associated PD1 and CTLA4 protein. In this 

way, checkpoint inhibitors allow the immune system response to proceed125. The use of Ipilimumab has 

shown response rates of 12.5%, although grade 3 (or higher) toxicity was seen in 43% of participants126. 

Nivolumab, on the other hand, has shown response rates up to 25% with grade 3 (or higher toxicity) in 19% 

of patients127.  

Chemotherapy in the management of advanced renal cell carcinomas has shown limited success compared 

to immunotherapy and targeted therapy100,128. Drugs such as 5-fluorouracil (5-FU), capecitabine and 

gemcitabine act to disrupt DNA and RNA synthesis to prevent tumour growth129-131 and in phase 2 studies, 

partial responses to chemotherapy have been relatively small ranging from 3.2 - 11% with overall survival 

rates between 12 to 23 months132-135. Other studies using combination chemotherapy of capecitabine and 

docetaxel, thalidomide and capecitabine or FOLFOX-4 (fluoro-uracil, folinic acid and oxaliplatin) have 

shown no response to treatment136-138, further minimising the support of chemotherapy as a treatment agent.  

1.5 Conventional radiotherapy for renal cell carcinomas 
Based on retrospective reports from the 1950 - 1960s, 10-year survival rates between 27 - 55% have been 

observed with postoperative radiotherapy (PORT) compared to surgery alone for which overall survival of 

17 - 46% was reported139,140. However, in a clinical trial setting, no significant survival benefit was observed 

for PORT showing 5-year overall survival rates of between 36 - 40% compared to 47 - 65% for surgery 

alone139,141. Pooled analysis of phase 2 studies has shown that PORT can benefit loco-regional control, but 

provide no improvement in overall survival35. Similar poor overall survival results have been observed in 

studies investigating preoperative radiotherapy versus surgery alone142,143. The main limitation of these 

studies can be attributed to the technology and the technique used at the time. The majority of PORT 

studies35 used a 2-field technique (Figure 3a) with no 3D volumetric data to assist with avoiding critical 

structures (Figure 3b). Based on these techniques, the total dose used in these studies ranged from 24 to 

60Gy (1.8 – 2.5Gy per fraction)35,141,143-145. The use of a higher total dose to control the tumour was limited 

by the increased risk of radiotoxicity to the liver and bowel146. The importance of dose escalation for tumour 
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control has been demonstrated in the palliative setting of metastatic kidney disease. Total doses greater than 

45Gy have shown better pain response compared to lower doses147,148. This effect is more pronounced when 

high dose per fractions was used149,150. 

 

Figure 3. Beam arrangement and example of field border delineation of post operative radiotherapy 

for kidney cancer  

3a) A two-field technique used with some minor angles used to avoid spinal cord dose139. 3b) The thoracic (T12) and lumbar spines 

(L1-L5) were used to define the treatment area. Majority of patients were treated with no further shielding of the liver and small 

bowel (dark shadow on the film)146.  

1.6 Gastrointestinal toxicity 
The anatomy making up the gastrointestinal system is complex, involving many components with various 

levels of radio-sensitivity151. The gastrointestinal system is composed of the pharynx, oesophagus, stomach, 

duodenum, small intestine, large intestine and the anus. It is a luminal, continuous structure that is 

segregated into functional regions by sphincters that regulate food content from one area to the next. Food 

taken in through the mouth passes through the pharynx, down the oesophagus and into the stomach. From 

the stomach, food moves through the duodenum, small intestine and large intestine by peristaltic motion. 

Essential fatty acids, iron and mineral are absorbed in the duodenum, whereas carbohydrates, proteins and 

water are generally re-absorbed in the small and large intestine. The walls of the intestines are made up of 

several layers, starting with the mucosa, the innermost layer. This layer contains epithelial cells that excrete 

enzymes and mucus to assist with food breakdown and movement. The next layer is the submucosa which 

is filled with nerves, blood vessels and lymphatic vessels. The following layer, known as the muscularis 

externa, contain muscles that are responsible for the peristaltic movement of the gut. The final layer, known 

as the serosa layer, consists of connective tissue attached to the abdominal wall. Epithelial cells make up 

the intestinal mucosa and are derived from stem cells located in the submucosa, also known as the crypt 

region. As cells migrate towards the lumen of the intestinal tract, they differentiate into more specialised 
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cells such as endocrine, or goblet cells which are involved in mucus and enzyme secretion. These cells have 

a rapid turnover, ranging between 3 to 5 days, before sloughing to become waste. The high proliferation of 

these cells makes this region highly sensitive to radiation. Radiation injury to the mucosal layer can cause 

acute and chronic reactions including inflammation, ulceration and perforation of the gut lining. Bowel 

inflammation and irritation can lead to diarrhea and vomiting, whereas the damage to enzyme-secreting 

cells can lead to impairment of bile reabsorption leading to more serious problems152,153. Chronic damage 

to the muscularis externa layer can cause impairment of peristaltic motion causing bloating, abdominal pain 

and obstruction154. Historically, there has been limited success with conventionally fractionated 

radiotherapy for primary kidney cancers due to dose constraints imposed by the gastrointestinal system. 

Dose prescriptions from 24 to 60Gy have been used in the post-operative setting with no positive gain in 

overall survival146. Furthermore, with conventional radiotherapy, reports of grade 3 bowel toxicity have 

been as high as 30.8% and grade 4 at 7.7%146. The relationship between bowel toxicity and radiation dosage 

have been documented by the experience from conventional radiotherapy to abdominal and pelvis targets. 

Radiation dose tolerance of the bowel organ published almost 30 years ago, indicates a 5% risk of small 

bowel obstruction, perforation or fistula occurring within 5 years if the entire organ was irradiated to 40Gy. 

This would increase to a 50% risk if the dose exceeded 55Gy. For partial (1/3) volume irradiation of the 

bowel, the dose threshold for a 5% and 50% risk of bowel complications was higher at 50Gy and 60Gy 

respectively155. More recent reviews of small bowel obstruction following radiotherapy have also shown 

the risk to be 2 to 9% when the organ is partially irradiated to over 50Gy156. Specific volume-dose thresholds 

have also been investigated on 40 patients treated for rectal carcinoma. It was found that the risk of grade 

3 small bowel toxicity was 59% when more than 125cc of the small bowel received a dose of 40Gy. 

Similarly, when more than 500cc of the small bowel received 5Gy, a high risk (45%) of grade 3 toxicity 

was observed. Apart from the effect of high volume irradiation to the bowel, there is still little information 

on the maximum dose tolerance of this organ157. In a review examining the incidence of late small bowel 

toxicity for patients treated to the pelvis and para-aortic lymph nodes, the authors reported the incidence of 

grade 3 (or higher) late small bowel toxicity to be 9 (+/-7%) %. Based on pelvic irradiation dose of 50Gy, 

and considering dose heterogeneity of up to 10%, the authors further recommended a maximum dose of 

55Gy to the bowel158. In contrast to this, a review of 94 patients treated for various abdominal-pelvic 

malignancies to doses between 54Gy and 75.6Gy, showed estimated 5-year freedom from grade 3 bowel 

toxicity of 93.6%. This was despite 49/94 (52%) patients receiving greater than 60Gy to at least 1cc of the 

small bowel159. 

1.7 Stereotactic ablative body radiotherapy 
Stereotactic ablative body radiotherapy (SABR) is the use of hypo-fractionated, high dose per fraction 

radiotherapy for the curative treatment of cancers160, which is in contrast to conventional radiotherapy 

which uses a low dose and high fractionation to achieve the same endpoint of tumour control. In 

conventional radiotherapy, small daily doses of radiation allow normal tissue to repair sublethal damage 

and repopulate over the course of treatment. On the other hand, the effect on tumour cells is to redistribute 

its cell cycle to a more radiosensitive phase and to reoxygenate the tumours’ cells, thus increasing 
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sensitivity to radiation161. The high dose and short treatment schedule for SABR result in unrepairable 

damage to tumour cells leading to necrosis and apoptosis162-164. This mode of cell kill with ablative doses 

has been hypothesised to overcome any inherent radio-resistance believed to exist with kidney cancers165. 

The use of high dose radiotherapy for tumour control has been established since the 1950s in the intracranial 

setting, with an important emphasis on immobilisation of the head using fixation devices166,167. More 

recently, the extracranial use of high dose radiotherapy has seen success in providing tumour control and 

survival gains in other anatomical sites such as the lung168-174 and liver 175-180 for patients who are unsuitable 

or refused surgery for their treatment. The success has been largely attributed to the technical development 

in areas of motion management, stabilisation, radiotherapy planning and image guidance.  

1.7.1 Motion management strategies 

Knowledge of organ motion and strategies to account for this in the planning process is important for 

determining adequate treatment margins. In conventional treatment planning, generic margins are used 

which are derived from large sets of data to cover a significant portion of treatment181-184. For abdominal 

and thoracic targets that are subject to motion due to breathing during therapy, generic margins that consider 

breathing motion can be large, resulting in unnecessary irradiation of critical organs such as lung, liver and 

the bowel185,186. However, by using motion margins specific to each patient, margins surrounding the 

tumour can be dramatically reduced184-190. Individual tumour motion can be measured and visualised using 

tools such as fluoroscopy191,192 and four-dimensional computed tomography (4DCT)188,193,194. As 

stereotactic treatment uses large ablative doses in each fraction, reduction of planning margins is crucial in 

minimising dose to healthy tissue. Organ motion studies of the lung195-198 and liver199-203 have shown motion 

ranges of up to 25mm, prompting further strategies to reduce the total motion. Some popular strategies 

include the use of breath-hold during treatment204-206 205,207-210, abdominal compression devices to minimise 

breathing motion200,211-216, use of drugs to minimise breathing motion217, multi-leaf collimator (MLC) 

tracking218,219 or the use of fiducial marker tracking during treatment220-222. 

1.7.2 Immobilisation at treatment 

Stabilisation during SABR treatment is important to minimise involuntary patient motion since  a relatively 

small motion of 2.9mm can reduce coverage by 6%223. Stereotactic specific body frames (Figure 4) that are 

customised to the patient’s contour include stabilisation at the level of the upper arms, abdomen and lower 

extremities to ensure comfort and reproducibility during each treatment. Accessories such as abdominal 

compression plates (Figure 4b) and vacuum stabilisation (Figure 4d) can be integrated to further minimise 

breathing motion. Stability of the lung and liver target when using these devices has shown intrafraction 

motion of between 0.3mm up to 2mm224-228.  
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Figure 4 Examples of inhouse and commercially available stereotactic body frames.  

Common elements include a personalised foam body cradle and a diaphragmatic compression device that can be used to apply 

pressure to the abdomen. (a) In-house stereotactic body frame designed by the Karolinska Institute, Stockholm, Sweden for lung 

and liver stereotactic treatment229. (b) Body Pro-Lok ONETM with custom body cradle, diaphragm compression, and knee locks230. 

(c) ORFITTM stereotactic body radiotherapy system with arm, knee, feet foam supports and abdominal compression device231. (d) 

Elekta BodyFIX® dual vacuum system comprised of customised body cradle, vacuum seal over the body and abdominal 

compression device232.  

1.7.3 Stereotactic body radiotherapy planning concepts 

Treatment planning for stereotactic treatment requires the creation of a highly conformal treatment plan to 

minimise dose to healthy tissue. The use of co-planar and non-coplanar fields is a common strategy to 

minimise field overlap, facilitating steep dose gradients from the target233,234. Figure 5 is an example 

demonstrating a six-field (coplanar and non-coplanar) arrangement for lung cancer in an anthropomorphic 

phantom. The dose overlap is reduced in the non-coplanar arrangement resulting in steeper dose gradients. 
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Figure 5. Dose gradient comparison between planar and non-coplanar beams.  

A line dose profile through the isocentre shows that a six-field non-coplanar field arrangement can achieve steeper dose gradients 

than a six-field coplanar arrangement. Overlapping entrance and exit dose in a coplanar arrangement creates high dose tunnels 

which reduce the dose fall-off effect. Source: Peter MacCallum Cancer Centre  

In 3D conformal SABR planning, steep dose gradients can be generated by using minimal margins (0-

2mm) from the shielding device (MLC/Cones) to the tumour target235-237. As the dose drop off is steepest 

at the region of the penumbra, prescribing to the isodose line of 50 – 80% in this region will create rapid 

dose fall-off (Figure 6). This is done at the cost of having a heterogenous dose within the target, which is 

inversely proportional to the prescription point (120 – 150%).  
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Figure 6. MLC margin generation in 3D conformal planning for stereotactic treatment. 

When using a 3D conformal technique during stereotactic planning, the MLC margin around the PTV is small (0-1mm) requiring 

dose prescription to lower isodose lines (a). In conventional planning, larger MLC margins are applied (5 – 10mm) allowing dose 

prescription closer to the dose shoulder (b). The distribution around the PTV with a stereotactic type MLC margin is more compact 

due to the rapid dose fall-off being near the field penumbra (c). The dose fall-off for conventional margins is more gradual as the 
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dose is prescribed to the shallower dose shoulders (d). The inadvertent effect of prescribing the prescription dose (for example 

60Gy) to a lower isodose line is increased heterogeneity within the target (e).  Source: Peter MacCallum Cancer Centre  

This contrasts with conventional planning which prescribes the dose anywhere between 90% - 100% of the 

dose and has more rounded dose shoulders (Figure 7). The risk with prescribing to the steeper dose gradient 

is that any geographical misalignment to the target would have a larger dose discrepancy when prescribing 

to the 50% isodose (steeper slope) than to the 90 – 100% (shallow slope), therefore, having an 

immobilisation device that minimises intrafraction motion is critical during stereotactic treatment.  

 

 

Figure 7. Prescribing dose in stereotactic planning.  

Dose prescribing in SABR planning is performed to the field penumbra where the dose gradient is steepest. This allows rapid dose 

fall-off but also makes dose coverage more susceptible to gross error if target moves. Source: Peter MacCallum Cancer Centre  

1.7.4 Image guidance  

Image guidance systems in radiotherapy typically describe in-room devices that allow verification of the 

patient’s treatment position against a reference image to assess any discrepancy during setup. Modern 

imaging systems are integrated with the beam delivery system to allow the review of images and correction 

of the patient position directly before beam delivery238-241. Early technology generated 2D planar239,242 and 

3D volumetric243-245 images that were acquired using the megavoltage treatment beams. The addition of 

kilovoltage x-ray sources onto linear accelerators246-248 has allowed superior tissue contrast for improved 

2D image quality249. This would eventually evolve into cone-beam computed tomography (CBCT) 

reconstruction to generate 3D volumetric images250-252, as well as time-resolved 4D CBCT images253,254. 

Other novel imaging systems include the use of ultrasound255 as a non-ionising alternative, magnetic 

resonance imaging256 for superior soft-tissue contrast and positron emission tomography (PET)257 to 

localise and semi-quantitate metabolic activity of targets. The integration of imaging during treatment into 
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clinical practice has allowed a reduction of treatment planning margins258,259 resulting in improved toxicity 

outcomes260-262 and the ability to visualise changes to the tumour volume during the course of treatment263-

267. These factors have made image guidance a high priority when using stereotactic ablative body 

radiotherapy for sites such as lung268-270, spinal cord224, and liver271-273.  

1.7.5 The current state of renal cell carcinoma and stereotactic treatment  

Reports from early 2000 have demonstrated the technical feasibility and safety of SABR for primary kidney 

cancers on linear accelerators274-279 as well as particle accelerators280,281. Technology at the time relied on 

the use of rigid, customised body frames and 2D planar imaging to verify target position. The introduction 

of a robotic arm-based linac (CyberknifeTM Accuray, USA) led to studies using fiducial markers inserted 

near the kidney tumour to track the target during treatment282-286. Within the last decade, integration and 

improved CBCT image quality on linacs have led to the resurgence of treatment on this platform287-290.  

Guidelines and recommendations for the implementation and safe use of SABR have been published and/or 

endorsed by numerous professional organizations including the American Association of Physicists in 

Medicine160, the Australian and New Zealand Faculty of Radiation Oncology291,292, the Faculty of Clinical 

Oncology of the Royal College of Radiologists293, the Canadian Association of Radiation Oncology294, as 

well the American Society for Therapeutic Radiology and Oncology 295. These publications were generated 

during a period of great interest in stereotactic treatment for lung, liver and spine296 with emphasis on 

motion management, stabilisation and image guidance (Table 3). Despite these guidelines, there is little 

consensus on best practice for SABR treatment of the kidneys297. 

Table 3. A summary outlining key recommendation for stereotactic body radiotherapy treatment 

made by various professional organisations.  

 

 
AAPM RANZCR CARO ASTRO/ASR UK SABR Consortium 

Simulation 

 

 

 

 
 

Body frames or 

vacuum moulds 

personalised to 

patient position. 

 

 
 

Patient specific for 

comfort over time.  

Device used based 

on IGRT system 

used for treatment. 

Ideally would 

encompass entire 

body. 

 
 

Near rigid body 

immobilisation for 

spine treatment. 

Chest boards or 

whole-body mould 

for abdominal 

targets. Stereotactic 

body frames/vacuum 

bags for lung 

treatment. 

Custom body 

moulds. Mask, 

to provide 

comfort for 

patient over 

extended 

treatment 

period.  

Devices with setup 

uncertainty ≤5mm (ideally 

≤3mm). 

 

 

 
 

Motion 

Management 

 

 
 

Slow CT, 

4DCT+MIP, 

Breath hold, 

Gating, 

4DPETCT 

 

Required to be 

accounted. This can 

be done using 

Compression for 

>10mm of motion 

otherwise breath-

hold or fluoroscopy 

for ITV margins. 

Respiratory 

tracking, 

abdominal 

compression. 

 
 

Motion assessment with 

4DCT or fluoroscopy. 

Compression device, 

coaching or active breath 

control, gating with free 
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4DCT or other 

means. 

 

 

 
 

 

 
 

breathing, fiducial/ lesion 

tracking or ITV.  

Motion greater than 10mm 

for lung or 5mm for liver 

should be controlled. 

Planning 

Imaging 

CT or 4DCT 

with slice 

thickness 1 to 

3mm. 

CT or 4DCT with 

slice thickness 1 to 

3mm. 

CT or 4DCT with 

slice thickness 2 to 

3mm. 

CT, 4DCT or 

breath hold. 

CT with 2 to 3mm slice 

thickness. 4DCT and MRI 

with 1 to 2mm slice 

thickness. CT MIP and 

average scans. 

Treatment 

Planning 

 

 

 
 

Calculation 

grid ≤2mm. 

Algorithm with 

scatter 

correction. Five 

to eight 

coplanar/non-

coplanar or 

IMRT/VMAT 

contributing 

<30% of dose 

per (static) 

field. 
 

Inhomogeneity 

correction. 

Prescription to low 

isodoses (≤80%). 

Calculation grid 

minimum of 2mm 

 

 

 
 

 

 

 

 

 
 

 

 

 

 

 

 
 

Calculation grid ≤2mm. 

Type B or Monte Carlo 

algorithms. 

 

 

 

 

 
 

Image 

Guidance 

 
 

Direct target 

visualisation. 

3D volumetric,  

2D stereoscopic  

or fiducial 

markers.  

3D or 2D 

stereoscopic for 

target and organs-

at-risk verification. 

 
 

3D or 2D 

stereoscopic for 

target and organs-at-

risk verification. 

Fiducial markers. 

Intrafraction motion 

verification at mid 

treatment. 

 2D kV, 3D volumetric, 

CBCT, 4DCBCT, MVCT 

for target visualisation.  

Machine QA 1 to 2mm 

imaging 

isocentre. 

Isocenter ≤2mm. 

 

   

Treatment 

Modality 

 Linac, Cyberknife, 

Tomotherapy. 

Linac, Cyberknife, 

Tomotherapy. 

Megavoltage 

or protons. 

 

Peer Review 

 

Ongoing 

review of 

existing QA 

program. 

Multi-disciplinary 

review at all stages: 

Pt selection through 

to planning. 

Peer reviewed chart 

rounds for contours 

and planning. 

 

 Plan reviewed by two 

oncologists. 

Reporting 

 

 

 

 

 

Prescription 

conformality 

(R100), 

intermediate 

dose 

conformality 

   Prescription conformality 

(R100), intermediate dose 

conformality index (R50), 

homogeneity index.   
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index (R50), 

homogeneity 

index.   

Additional Training 

Radiation 

Oncology 

SABR specific SABR specific. 

Present at treatment 

SABR training. 

Present at minimum 

first fraction. 

Medical physicist 

alternative 

SABR 

specific. 

Present at 

treatment. 

SABR specific 

Medical Physics SABR specific. 

Present at first 

fraction 

SABR specific SABR specific SABR specific SABR specific 

Radiation 

Therapy 

SABR specific SABR specific (2 at 

minimum on 

treatment) 

Part of core SABR 

team 

 
SABR specific 

Abbreviations: AAPM = American Association of Physicists in Medicine; RANZCR = The Royal Australian and New Zealand 

College of Radiologists; CARO = Canadian Association of Radiation Oncology; ASTRO = American Society for Therapeutic 

Radiology, ACR = American College of Radiology 

In recent years, new literature on SABR for the kidney have been reported describing kidney motion298,299, 

kidney stabilisation during treatment300,301 and as well the use of advanced imaging delivery systems such 

as the MRI-linac for treatment302,303. However, there is still only limited literature on the technical 

implementation of kidney SABR on a linac. Globally, there are approximately 116 particle accelerators304, 

less than 300 CyberknifeTM service sites (www.accuray.com) and about 12 000 linear accelerators304 which 

makes the linac an ideal platform to provide stereotactic treatment.  

1.8 Studies of kidney stereotactic radiotherapy 
During the early-2000s, a small number of retrospective reports described the safe use of linac-based 

stereotactic treatment for primary and metastatic renal cell carcinomas274-276,278,305. With a focus on rigid 

patient stabilisation, abdominal compression, multi-planar and non-coplanar fields, and pre-treatment 

imaging, these reports were able to demonstrate high rates of local control while showing minimal treatment 

toxicity.  

One of the earliest reports on the use of high dose ablative body radiotherapy for primary renal cell 

carcinomas came from Staten Island University in New York, USA274. This retrospective series comprised 

of 74 patients diagnosed with metastatic (n =114) and primary renal cell cancers (n = 27). All patients were 

treated with a short-course, high dose per fraction schedule. The most frequently used prescription was 

40Gy in five fractions, and for the primary kidney cancer group of patients, resulted in a 12-month local 

control rate of 93%. A more detailed series from the same institution described the clinical outcomes for 

nine patients diagnosed with biopsy-confirmed renal cell carcinoma275. The tumour size ranged from 3cm 

up to 10cm with all but one patient having nodal involvement. Eight patients received a dose of 40Gy in 

five fractions and one patient a dose of 35Gy in six fractions. All patients were immobilised using a 

stereotactic body frame and a planning margin of 10mm around the GTV was used for treatment. Patients 
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were treated on a linac using a mix of static planar and non-coplanar beam angles (4 to 6 fields). At a 

median follow-up of 26.7 months, 44% of patients were still alive. For those still alive, the median 

continued follow-up was 57.8 months. Two of nine patients developed nausea and vomiting during 

treatment, one of which showed signs of radiation injury to the stomach six weeks after treatment.  

During the same period, a retrospective series from the Karolinska Institute in Stockholm (Sweden) also 

showed the effectiveness of high dose radiotherapy for renal cell carcinomas276. In this study, eight primary 

kidney targets and 154 metastatic sites were treated with dose prescriptions ranging from 18 to 48Gy in 2 

to 5 fractions. For the primary kidney targets, a dose of 40Gy in five fractions was used for treatment. 

Patients were immobilised in a stereotactic body frame with an abdominal compression plate used to 

minimise diaphragm motion to 5mm or less. A planning margin of 10mm in the superior-inferior direction 

and 5 to 10mm in all other directions was used around the GTV/CTV. A mix of planar and non-coplanar 

beams (5 to 8 fields) was used to treat the target on a linac. A pre-treatment CT scan was performed with 

the patient in the stereotactic body frame to verify the kidney tumour position. With a median follow-up of 

37 months, the authors reported a local control rate of 98%. The median survival time for patients with 1 

to 3 metastatic sites was 37 months, for greater than three metastatic sites; this was 19 months, and for those 

with inoperable renal cell carcinoma, survival was greater than 58 months. The authors found more 

effective control when a higher dose was used to treat the tumour. All tumours that showed total regression 

(n = 48) received a mean biologically equivalent dose (BED) of 110Gy, while tumours that showed local 

progression (n = 3) received a mean dose of 73.2Gy (BED). The most common side effects (grade 1 to 2) 

were coughing, nausea and pain. A single grade 5 side effect was reported for the treatment of a metastatic 

kidney tumour in the pancreas. This same institution also reported the results of a prospective phase 2 study, 

assessing the safety and efficacy of stereotactic treatment for metastatic and primary renal cell carcinoma305. 

Thirty patients were enrolled in the trial, treating 82 metastatic sites and ten primary kidney tumours. The 

prescription dose ranged between 5 to 15Gy in two to five fractions. A stereotactic body frame with 

abdominal compression plate and planar/noncoplanar beam angles were used for treatment276. The median 

survival period was 32 months, with 21% showing total regression of disease. The local control rate, defined 

as a positive response to treatment, was 98%. Two kidney lesions showed the continued progression of the 

disease, one of which was attributed to its large size (1136cc). For the other lesion, due to its proximity to 

bowel and stomach, coverage by the prescription dose was suboptimal. Sixteen patients reported side 

effects with the most common being coughing, fatigue, skin rash and local pain. The majority (96%) of 

side effects were of grade 1 and 2. One patient death was reported ten weeks after treatment, the cause of 

which was cardiac arrest suspected to be related to the treatment of a metastatic renal cell carcinoma in the 

lung. 

Another report originating from the mid-2000s described an approach using 4DCT and IMRT fields to 

deliver a high-dose treatment to renal cell cancers278. This series, consisting of primary (n = 2) and 

metastatic renal cell carcinomas (n =14), used a prescription dose ranging from 24 to 40Gy in three to six 

fractions. A 4DCT scanner was used to generate ITV margins, with a 2 to 3mm planning margin to account 
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for setup errors. Fiducial markers, inserted near the primary kidney cancers, were used for image 

verification on treatment. Depending on the treatment site, five to 12 conformal arcs or static IMRT fields 

were used for treatment.  At a median follow up of nine months, 12 patients showed partial responses to 

treatment, no individual showed a complete response, and two patients were found to have disease 

progression, yielding a local control rate of 87%. In the two patients treated for primary renal cell 

carcinoma, no change in tumour size was detected during follow-up, and renal function remained 

unchanged from baseline. No grade 2 or higher toxicity was observed in any patient.  

These early retrospective reports were able to show that a high dose, short-course radiotherapy treatment 

to primary and metastatic kidney cancers can show excellent local control with low rates of treatment 

toxicity.  

One technological development that generated more interest in the use of SABR treatment for primary 

kidney cancers was the CyberknifeTM robotic radiosurgery system. This platform allows highly conformal, 

high precision and beam tracking for small kidney targets306,307. This is achieved using an isocentre-free 

robotic arm allowing up to 1212 non-coplanar beam angles to target the tumour. The delivery system is 

integrated with an in-room 2D stereoscopic kV imaging system, allowing dynamic tracking of the beam to 

the tumour (or fiducial surrogate). The maximum beam aperture of the CyberknifeTM system, at 60mm, 

limits its use to targeting small kidney cancers (5cm or less). For patients diagnosed with small kidney 

cancers and eligible for fiducial marker insertion, the CyberknifeTM system is a viable alternative to a linac-

based treatment approach. The feasibility of using robotic surgery combined with fiducial marker tracking 

has been reported by several studies282-285,308-310. Within these reports, a few stand out showing safe dose 

escalation283-286 and feasibility for treatment of patients with pre-existing kidney disease284,308. 

The CyberknifeTM system, in a single institution prospective study, was used to investigate the feasibility 

of dose escalation for primary renal cell carcinomas282,283. The primary aim was to escalate the total 

prescription dose before any grade 3 (non-haematological) or higher side effect was observed. With a 

maximum of three patients per dose level, fifteen patients were recruited into dose arms of 21Gy, 27Gy, 

33Gy, 39Gy and 48Gy in three fractions. The mean maximum tumour dimension was 3.4cm, and the largest 

dimension was 5cm. Gold fiducial markers were inserted into or adjacent to the tumour, and a 3mm margin 

around the GTV was used for planning. At 12 months, eleven patients showed stable disease, two had a 

partial response and one patient a complete response to treatment. At greater than 30 months post-treatment, 

two patients in the low dose arms (21 and 27Gy in three fractions) showed local failure. No acute toxicity 

greater than grade 3 was reported. Two patients experienced grade 1 nausea and five grade 1 fatigue. Based 

on these results, the authors proposed for further dose escalation. In a similar study looking at dose-limiting 

toxicity of grade 3 or higher, 20 patients were recruited into four dose arms of 24Gy, 32Gy, 40Gy and 48Gy 

in 4 fractions285. All patients were stabilised with a vacuum cushion, and CT planned with a GTV to PTV 

margin of 0 to 3mm. Three fiducial markers were placed around the tumour volume to be used for tracking 

on treatment. The median tumour volume was 57.9 (ranged from 13.8 to 174.7) cm3. At 13.6 months follow-

up, no patients showed signs of disease progression or recurrence. The 3-year overall survival was 72% 
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with five patients expiring from non-treatment related illnesses. The study found one patient experiencing 

a grade 4 duodenal ulcer, which received a maximum point dose of 54Gy. Only one patient reported grade 

2 fatigue from treatment. Since the protocol defined dose-limiting toxicity as two or more patients within 

a single dose arm to experience grade 3 or higher toxicity, the findings in this study also supported further 

dose escalation. A continuation from the same study reported the outcome for 11 patients recruited into two 

additional dose arms of 54Gy and 60Gy in three fractions311. The median follow-up at 1.7 years, showed 

local control of 90% with one patient showing disease progression. There was no grade 1 or greater acute 

gastrointestinal or genitourinary toxicity reported, although one patient did develop a urinary tract infection 

requiring hospitalisation.   

In contrast to the multi-fractionation schedules, single-fraction stereotactic radiosurgery for kidney cancers 

have also been reported286. Forty patients were recruited into a study prescribing 25Gy in one fraction to 

primary kidney cancers. Forty-five kidney lesions, comprised of renal cell carcinomas (n = 30) and 

transitional cell carcinoma (n = 15), with a maximum dimension of 4cm, were treated using the 

CyberknifeTM system. For all patients, three fiducial markers were inserted around the renal parenchyma 

and used for target tracking on treatment. The reported local control at 9 months was 98%, with 38 of 45 

(84%) tumours showing at least a 30% reduction in size. A total of 19 targets showed complete remission, 

which 13 were of transitional cell type histology and six of renal cell histology. No grade 2 or higher toxicity 

was observed.  

The target tracking functionality on the CyberknifeTM system allows the reduction of the planning margin 

to preserve as much non-tumour kidney tissue as possible. For kidney cancer patients with chronic kidney 

disease (CKD), surgery to remove cancer could further deteriorate kidney function. High dose radiotherapy 

has been shown to minimise the impact on kidney function post-treatment. This is especially important 

when treating patients with advanced stages of CKD. The American National Kidney Foundation312 defines 

five stages of chronic kidney disease based on the glomerular filtrate rate (GFR) of the kidneys: in stage 1 

the GFR is greater than 90 ml/min; in stage 2 CKD the GFR ranges from 60 to 89 ml/min; in stage 3, the 

GFR decreases down to 30 to 59 ml/min; for stage 4, GFR ranges from 15 to 29 ml/min; and for stage 5 

CKD, kidney failure (requiring dialysis) is seen with GFR less than 15 ml/min. 

Lo et al described the outcome for three patients diagnosed with stage 3 to 4 chronic kidney disease, 

undergoing primary renal cell treatment of 40Gy in 5 fractions284. The maximum tumour diameter ranged 

from 3.6 to 5.7cm. All patients were stabilised in a whole-body vacuum pillow and underwent a CT scan 

for planning. Planning target volume margins of 1 to 3mm were used around the GTV. Fiducial markers, 

for target tracking, were used on two patients. For the remaining patient, an abdominal compression device 

was used to minimise diaphragmatic motion and treatment target verification was made based on alignment 

to nearby vertebral bodies. Follow-up at 40 months showed all patients alive with no signs of tumour 

progression, and no toxicities greater than grade 2 reported. As for kidney function, at baseline, each patient 

had poor kidney function with estimated glomerular filtration rate below 60 ml/min. One patient progressed 

from stage 4 CKD to stage 5, resulting in kidney failure. The other two patients progressed from stage 3 to 
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stage 4 CKD though not requiring dialysis. In a more recent report, the CyberknifeTM system was used to 

treat ten patients with stages 2 to 4 of chronic kidney disease308. Based on tumour volume and proximity to 

organs-at-risk, patients received either a single fraction of 24 or 25Gy or received 36Gy in three fractions. 

The median diameter of the tumour was 2.8 (range 0.9 to 7) cm. A planning margin of 0 to 5mm around 

the GTV was used for planning. All patients received a single fiducial marker inserted near or inside the 

tumour for target tracking on treatment. The median follow-up at 27 months showed a local control rate of 

92.3% for the 13 lesions that were treated. Disease stability, partial responses and complete responses to 

treatment were observed in 38.5%, 30.8% and 23.1% of patients respectively. There were no differences in 

response observed when using a single or multi-fraction prescription. Of the ten patients identified in the 

report, six had stage 3 CKD, three patients with stage 2 CKD and one patient with stage 4 CKD. At baseline, 

the mean estimated GFR for the group was 51.3 (+/- 19.7) ml/min and at follow-up (mean of 22 months) 

was 51.6 (+/- 25.8) ml/min. One grade 1 abdominal pain, and another case of grade 1 diarrhea and 

abdominal distension was reported.  

The CyberknifeTM treatment platform provides a highly accurate method of tracking and treating small, 

localised cancers of the kidney. One caveat with this system is the reliance on fiducial markers to verify 

the target position before and during treatment. On the other hand, linear accelerators, particle accelerators 

and helical therapy systems can also provide high accuracy treatment using fiducial280,281,288 and fiducial-

free287,289,290 treatment. Compared to the CyberknifeTM system, these platforms have an integrated 3D 

volumetric imaging system and can treat large tumours, thereby providing greater treatment flexibility. The 

following studies are recently published reports using a linac-based approach for kidney SABR treatment. 

Chang et al described their experience treating 16 patients diagnosed with primary renal cell carcinoma287. 

The dose ranged between 30 to 40Gy in five fractions, with the lower dose used to meet normal tissue 

constraints. The median tumour size was 4 (range 1 to 14.6) cm. All patients were stabilised using a dual 

vacuum stabilisation device and underwent a 4DCT to generate an ITV volume with a 5mm PTV margin. 

Patients were treated using either a step-and-shoot IMRT technique or with VMAT. A CBCT was 

performed before treatment for target localisation. At a median follow-up of 19 months, five patients 

showed partial tumour responses, and 11 patients showed stable disease, yielding a 100% local control rate. 

Apart from one patient suffering from nausea and vomiting after treatment, no other patient experienced 

grade 2 or higher toxicity. Eleven of 16 patients showed an average GFR decline of 14.4%. Two patients, 

diagnosed with stage 4 and 5 CKD at baseline, required dialysis post-treatment. In another report focusing 

on kidney SABR treatment for large masses, a linac was used to treat 11 patients with an average tumour 

volume size of 9.5cm, ranging from 7.5 to 24.4cm289. The dose prescription varied from 25 to 40Gy in five 

fractions. Patients were stabilised using a vacuum body mould and underwent a 4DCT for ITV margin 

generation. A planning margin of 5mm was added to the ITV volume, subtracting any overlap with 

gastrointestinal organs-at-risk, to generate the final PTV volume. Patients were treated using either helical 

TomoTherapyTM with MVCT target verification before treatment, or with a linac using IMRT/VMAT and 

CBCT image verification for target localisation. The 3-year overall survival rate was 53%, with three deaths 
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from disease progression. There were five reported cases of grade 1 toxicity, one grade 2 diarrhea and one 

grade 3 nausea. The grade 2 and 3 toxicity came from the same patient treated for a large tumour with a 

maximum diameter of 24.4cm. The median baseline GFR value for the patient group was 43.7 (range 21.3 

– 73.6) ml/min, and at post-treatment, was measured at 42.3(range 20.5 – 77.2) ml/min, a non-significant 

change (p = 0.359).  

Yamamoto et al288 investigated the use of a linac to treat 14 patients with dose prescriptions ranging from 

50 to 70Gy in ten fractions. The median tumour volume was 3cm, ranging from 1.6 to 4.6cm. All patients 

were immobilised using a full-body vac-loc bag, and nine patients were implanted with a fiducial close to 

the tumour site. Motion management was based on the amount of displacement observed for the fiducial 

marker or diaphragm. Six patients with large motion required the use of abdominal compression, and for 

one patient, a breath-hold technique was used. A variety of planning imaging protocols were used including 

4DCT, fast CT and slow-rotation CT. The ITV margin was derived from assessing fiducial marker or 

diaphragm motion using 4DCT or fluoroscopic imaging. A planning PTV margin of 5mm around the ITV 

was used for treatment. A combination of CBCT and fluoroscopic imaging were used for treatment 

verification of the target/surrogate structure. The median follow-up time for all patients was 16.9 months 

with 100% of lesions responding to treatment. There was no grade 2 or higher toxicity reported. Compared 

to the serum creatine baseline value of 1.1mg/dl, the post-treatment value of 1.3mg/dl was significantly 

different (p = 0.05). However, the decline in kidney function to clear creatine from the system did not result 

in any patient requiring dialysis or have a change in hypertension status. 

Two studies have described the use of a carbon ion system to treat primary renal cell carcinomas. One study 

used this to treat ten patients with a median maximum tumour length of 4.3cm, ranging from 2.4 to 12cm280. 

All patients were immobilised using a resin-based custom shell and underwent a non-enhanced planning 

CT scan. The GTV was the gross, visible disease with a 10 to 15mm CTV margin. For the final planning 

volume, a 5mm margin was expanded from the CTV. At least one fiducial marker was inserted near to the 

renal cortex, close to the tumour, which was used for target localisation using 2D image verification on 

treatment. The beam was gated to treat the target at the exhale phase of the patient’s breathing cycle. The 

dose delivered ranged from 64 to 80Gy (median 72Gy) in 16 fractions. The median follow-up time was 

57.5 months showing a 5-year local control rate of 100%. One patient showed a complete response to 

treatment, six had partial responses, and three showed stable disease. The 5-year overall survival was 74% 

with patient deaths attributed to non-cancer related illnesses. There were no reports of acute toxicity greater 

than grade 1. However, there was one grade 4 skin ulceration reported five years after treatment which 

required a skin flap transplantation. Two patients, with pre-existing diabetic status, showed an increase in 

blood creatinine levels after radiotherapy treatment. The authors believed that this was due to the 

progression of the patient’s diabetes rather than a side effect of treatment. A continuation from this protocol 

investigated the feasibility of dose escalation using 66 to 72Gy in 12 fractions281. Eight patients were 

recruited with a median tumour size of 4.3cm, ranging from 2.9 to 8.2cm. All patients had fiducial markers 

inserted near the tumour and were set up using a custom body mould created from thermal plastic sheets. 
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A planning CT was used to delineate the GTV, with a further 5mm margin to generate the CTV. An 

anisotropic PTV margin of 10mm in the superior-inferior direction and 5mm in all other directions was 

used for treatment. Verification on treatment was performed using kV imaging of the fiducial markers with 

gated treatment performed at the end-exhale position. At a median follow up of 43.1 months (range 3 to 62 

months), one patient had passed away from pneumonia unrelated to treatment. The local control and cancer-

specific survival for this group was 100% with only a single grade 1 skin toxicity reported. The measured 

kidney function before and after treatment showed a mean decrease in estimated GFR of 10.8 ml/min, 

which did not result in any change in CKD staging.  

Linac-based treatment, integrating MVCT imaging and a breath-hold technique, have also been reported290. 

In this study, thirteen patients diagnosed with stage 1 renal cell carcinoma with a median tumour volume 

of 1.9cm, ranging from 0.9 to 4.3cm, were prescribed a dose of 60 to 70Gy in ten fractions. Each patient 

was immobilised using dual vacuum stabilisation and underwent multiple self-controlled, breath-hold CT 

scans. An ITV margin, ranging from 2 to 4mm, was generated based on the reproducibility of the GTV 

position from each breath-hold scan. A PTV margin of 3mm was expanded around the ITV for treatment. 

The choice of beam technique was either the use of static fields (5 or more) or five dynamic arcs. Treatment 

verification was performed by a CT-on-rails system. Twelve patients showed a dose-response and only one 

patient showing relapse after 1-year post-treatment. The 3-year local progression-free survival was 92.3%, 

with overall survival at 91.7% at two years, and 71.3% at three years. In terms of toxicity, there was no 

grade 2 (or higher) side effect reported. The authors also monitored kidney function and found two patients 

who had CKD progression post-treatment. One patient progressed to stage 5 CKD, eventually succumbing 

to this disease, and another patient progressed to stage 4 CKD, requiring further dialysis. 

In the era of modern targeted therapies, there is interest in the role of kidney SABR in managing metastatic 

renal cell carcinomas. Cytoreductive nephrectomy, in combination with systemic therapy, has been shown 

to prolong overall survival compared to those who have system therapy alone70,73,74. For patients with 

comorbidities that are unsuitable for surgery, stereotactic ablative therapy of the entire ipsilateral kidney 

combined with systemic therapy is a potential management strategy313. A prospective phase 1 dose-

escalation study of thirteen patients, treating the entire ipsilateral kidney using doses of 20 to 40Gy in five 

fractions,  was able to show minimal grade 3 toxicity and no significant decline in kidney function (at 12 

months)314. 

This summary of the literature on kidney SABR treatment span almost two decades, with advances in 

technology driving further interest in the treatment of this clinical disease. This clinical indication has not 

only been limited to treatment of primary kidney disease, but as well, the management of oligometastatic 

spread of renal cell carcinomas315 .   

A variety of delivery systems, motion management tools and image verification systems have been used 

and is summarised in Table 4. 
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Table 4. Reported publications of stereotactic body radiotherapy for primary renal cell carcinomas.  

Author Publication 

Year 

Immobilisation Fiducial 

Marker 

Margin Motion 

Management 

Planning Delivery System IGRT 

Beitler275  2004 Stereotactic 

Body Frame 

No GTV + 

10mm 

Not reported 

 

3DCT Linac 2D 

Wersall276 2005 Stereotactic 

Body Frame 

with 

compression 

plate 

No GTV + 5 to 

10mm 

Compression 

plate 

3DCT Linac NA 

Teh278 2007 Body Cast Yes ITV + 2 to 

3 mm 

Free breathing 4DCT Linac (IMRT 5-

12 fields) 

2D 

Nomiya280/ 

Kasuya281 

2008/2019 Body Cast Yes GTV + 10 

to 15mm + 

PTV 

(5mm) 

Gating at 50% 3DCT Carbon Ion 2D 

Kaplan282   2010  

Not reported 

 

Yes GTV + 

3mm 

Tracking 3DCT Cyberknife 2D 

Lo284 

Ponsky285 

2014/2015 Vacuum Bag + 

compression 

belt 

Yes GTV + 1 to 

3mm 

Tracking 3DCT Cyberknife 2D 

Staehler286,310 2010/2015  

Not reported 

Yes  Tracking 3DCT Cyberknife 2D 

Yamamoto288 2016 Stereotactic 

Body Frame + 

compression 

plate 

Yes 

(n = 9) 

ITV + 5mm 

(PTV) 

ITV from 

4DCT, or 

fluoro 

Abdominal 

compression 

 (n = 6).  

Breath hold 

 (n = 1) 

4DCT  

(n =5) 

CT  

(n = 7) 

Slow CT 

(n = 2) 

Linac 

3DCRT 

(6MV/15MV) 

3D +  

Fluro 

Chang 287 2016 BodyFix with 

Dual Vacuum 

No ITV + 5mm Free breathing 4DCT Linac  

(IMRT/VMAT) 

3D 

Correa289 2016 Vacuum body 

mold 

No GTV + 

CTV 

(ipsilateral 

kidney or 

Free breathing 4DCT Linac 

(IMRT/VMAT) 

+ Tomotherapy 

3D MVCT 

(TomoTherapy) 
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GTV 

alone) + 

ITV + PTV 

(5mm) 

or 3D CBCT 

(linac) 

Pham 316/ 

Siva317 

2014/2017 BodyFix with 

Dual Vacuum 

No ITV +5mm Free breathing 

(compression) 

4DCT Linac 3D 

Funayama290 2019 BodyFix with 

Dual Vacuum 

No ITV (2 to 

4mm) + 

3mm PTV 

Breath hold CT 

(breath 

hold) 

Linac 

(VMAT/Static) 

3DMVCT 

Senger308 2019 Not reported 

 

Yes GTV + 0 to 

5mm 

Tracking CT Cyberknife 2D 

Definitions: ITV = Internal Target Volume; GTV = Gross Tumour Volume; IGRT = image guided radiotherapy; 2D = MV or kV 

planar imaging; 3D = 3-dimensional volumetric imaging; 4DCT = time resolved CT scan 

 

1.9 Purpose of thesis 

The purpose of this thesis was to evaluate the feasibility of using a 4D image-guided linac-based delivery 

system for stereotactic ablative body radiotherapy treatment for localised kidney lesions. The chapters in 

this thesis have been divided into subsections of the planning and treatment pathway in order to 1) inform 

how much kidney motion is affected by breathing instructions, 2) provide a strategy to minimise the kidney 

motion for treatment 3) define planning technique and metrics that can be used to create conformal and 

high-quality plans and importantly 4) report the use of motion verification (4D) and 3D kidney target 

localisation on the linear accelerator. The following aims were chosen to address these four areas:  

Aim1: Investigate kidney motion as reported in the literature and categorise the range of motion when 

undergoing free, deep and/or compressed/shallow breathing. This aim is addressed in chapter 2 in the form 

of a literature review that compares the evidence of mean/median superior-inferior kidney motion between 

healthy and cancer-affected kidneys.  

Aim 2: Investigate the use of a dual vacuum immobilisation system as a breathing motion management 

tool. Chapter 3 demonstrates the use of a commercially available immobilisation device to minimise kidney 

motion by dampening the breathing when using vacuum compression. Ten volunteers underwent vacuum 

compression and kidney motion was monitored using an ultrasound probe. 

Aim 3: Define a 3D conformal planning technique that can be used on a linear accelerator to deliver 

stereotactic doses with conformal margins and compact dose distribution. Chapter 4 reports the typical 

beam arrangements used on left and rights stereotactic kidney plans and the planning metrics used to guide 

plan quality. This chapter also reports on the early toxicity reported for the first 20 patients treated on a 

linac based SABR protocol for kidney cancers.   
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Aim 4: Report on the effectiveness of using CBCT imaging to verify the target position directly before, 

midway and after treatment. Chapter 5 reports on the inter- and intrafraction motion of the kidney during 

treatment and as well the feasibility of using internal target volume (ITV) margin verification at each 

fraction. The importance of ITV margin verification is highlighted in a case report describing the dosimetric 

impact of a change in breathing magnitude for patient planned for kidney SABR treatment.   
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The purpose of this literature review was to summarise reports of kidney motion and categorise the range 

based on three breathing conditions: free breathing, deep breathing and compressed breathing. This will 

inform the suitability of using motion management strategies to reduce kidney motion for SABR planning. 

This chapter is a copy of the manuscript that was accepted for publication318. The only modifications made 

have been to the figures and tables that are embedded within the text and the references that have been 

moved to the end of the thesis.   
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Abstract 

Motion management strategies are important during stereotactic ablative body radiotherapy for abdominal 

targets. The kidney is a mobile retroperitoneal organ that moves with respiration. A review of the literature 

was performed to investigate the reported degree of kidney motion associated with various breathing 

conditions. A structured search was performed using Medline from January 1970 to May 2013 for all 

publications describing cranial-caudal kidney motion. Relevance to radiotherapy practice was reviewed 

based on any breathing instructions and/or immobilization equipment that could affect breathing pattern. 

Studies were categorized under three types of breathing conditions: Forced-shallow, breath-hold/deep and 

free. A total of 25 publications were identified describing cranial-caudal kidney motion with a combined 

total of 415 participants. Three publications described forced-shallow breathing using prone positioning or 

abdominal compression plates. Prone positioning, compared to supine positioning, did little to minimise 

kidney motion, however use of compression plates can result in kidney motion of less than 5 mm. Eight 

publications described deep breathing/breath hold techniques that showed average kidney motion ranging 

between 10mm - 40mm. Fifteen publications investigated kidney motion under free breathing with the 

majority reporting mean motion of less than 10mm. Kidney movement of up to 8.1mm in the anterior 

posterior direction and 6.2mm laterally were reported with no indications that breathing technique can 

influence the extent of this motion. In summary, kidney movement is complex, and consideration should 

be made to ensure that motion management strategies provide the desired radiotherapy benefit. There are 

limited publications on the effectiveness of abdominal compression on reducing kidney motion which 

warrant further investigation in this area.  
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2.1 Introduction  

Renal cell carcinoma (RCC) is the 9th most common cancer in the US. In 2010, approximately 320,000 men 

and women had a diagnosis of cancer of the kidney and renal pelvis The disease is becoming more 

prevalent, with an annual increase in incidence of 2.8%319.  Surgery has been considered the gold standard 

for the management of primary RCC320 with conventional radiotherapy offering limited utility due to dose 

limitation from surrounding organs at risk321. However, developments in the field of stereotactic ablative 

body radiotherapy (SABR) treatment for extracranial targets are changing the limitations seen in 

conventional treatment. Delivery of high ablative doses was shown to be safe and well tolerated by patients 

treated for lung and abdominal cancers322,323. The role of SABR treatment for primary kidney cancers is 

emerging with a recent review of the literature for SABR treatment in primary kidney tumors showing two 

year local control rates of between 86% - 100% with a concurrent incidence of grade 3 toxicities of less 

than 4%324. Whilst early reports of safety and efficacy appear promising, strategies to account for 

respiratory induced motion of the kidneys are limited. The purpose of the present review is to summarize 

cranial-caudal kidney motion under three breathing conditions 1) Forced- shallow whereby equipment has 

been used to try to dampen abdominal based breathing 2) deep/breath hold whereby participants have been 

instructed to take deep breaths and/or hold their breath and 3) free whereby no breathing coaching or 

devices are used to control breathing  

Anatomy of the Kidney 

The kidney is a retroperitoneal organ measuring approximately 12 x 6 x 3 cm in size, surrounded by 

perinephric adipose tissue and bounded by Gerota’s fascia325. The renal pelvis lies approximately at the 

level of the 2nd lumbar vertebrae and is not anchored to any bony anatomy. The right and left kidneys are 

in close proximity to different organs of varying radiosensitivity. The anterior portion of the right kidney 

is intimately associated with the inferior portion of the liver, whereas the left kidney is positioned inferior 

to the stomach and is in close proximity to the spleen. The second and third part of the duodenum, a 

particularly radiosensitive organ, enters the retroperitoneum and runs antero-medially to both kidneys. 

These structures are organs that need to be carefully assessed for toxicity when delivering SABR doses to 

the kidney.  

 

Motion Management Strategies in Radiation Therapy Treatment  

Motion management has seen a resurgence of interest with advances in image guidance technology used in 

parallel in the delivery of ablative doses of radiation for lung and abdominal targets. The American 

Association of Physicists in Medicine have published recommendations on the use of management 

strategies including motion encompassing, respiratory gated, breath hold, forced shallow breathing and 

respiration synchronized within the Task group 76 Report326. These techniques can be implemented at a 

number of different stages in the radiotherapy planning pathway providing various motion management 
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goals. Respiration synchronized delivery is based on patient training using visual-audio aides to replicate 

breathing motion at simulation to be carried out over the course of treatment327. Breath hold delivery aims 

to replicate the position of a mobile target by creating a freeze on respiratory motion. This can be self 

guided by patients328 or can use oral devices that mechanically hold expiration209. Force- shallow breathing 

is based on equipment that can dampen the range of motion. Devices such as abdominal compression plates 

and body vacuums can limit the depth of abdominal based breathing reducing abdominal organ motion329. 

In the absence of breathing regulation devices or breath coaching programs, motion encompassing 

techniques can use time resolved 4-dimensional computed tomography (4DCT) scanners to show the extent 

of organ motion in a 3D image 330. This allows radiotherapy planning margins to incorporate the extent of 

tumor motion. Similarly, 2D fluoroscopic imaging can be used to determine the maximum and minimum 

range of motion in order to incorporate this motion into planning margins191. 

2.2 Method 

A review of the literature was conducted using MEDLINE (pubmed.gov) from Jan 1970 to May 2013. The 

following expressions were used for the search: [exp kidney/ or kidney$.af.] AND [exp motion/ or exp 

movement/ or motion.af. or move$.af. or displace$.af.] AND [exp respiration/ or breath$.mp.]  Articles 

were excluded when animals or material phantoms were used to investigate kidney motion and if they were 

published in a language other than English. Direct reporting of kidney motion in the superior inferior 

direction was required for inclusion into this review.  

2.3 Results 

A total of 216 citations or papers were retrieved by the search including non-english articles. Twenty-five 

publications met the inclusion criteria for this review. This resulted in a total of 415 participants who were 

either healthy volunteers or had been diagnosed with cancer of various body sites. A review of the 

methodology from these publications allowed the authors to determine the breathing categories for 

publications to be assigned. For studies that performed repeated testing on the participants using multiple 

techniques, the result for each individual breathing technique was summarized separately. A variety of 

imaging modalities was used to measure kidney motion including ultrasound, film radiographs, magnetic 

resonance imaging (MRI) and 4DCT.  

Kidney Motion during Forced-shallow Breathing 

Three publications were found describing forced-shallow breathing achieved from either the use of a 

compression device212,331,332 or from prone positioning331,332. A summary of the mean and range of superior-

inferior kidney motion is described in Table 5.  
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Table 5. Summary of publications reporting crania-caudal kidney motion during forced/shallow 

breathing. 

Author 

(year) 

Site of Disease 
Patient 

Number 
Imaging* Aide 

Right Kidney 

Mean (range) 

(mm) 

Left Kidney 

Mean (range) 

(mm) 

Heinzerling et 

al. 2008 212 

 

Lung/Liver 

cancer 

10 4DCT 

 

ACPa 

medium 

pressure 

4.7 (3 - 7.5) 4.6 (2 - 9.2) 

Kim et al. 2007 
331 

Volunteers 9 4DCT Prone 
11.7  

(SD +/-11.7) 

12.2  

(SD +/-6) 

Lee et al. 2004 
332 

Liver cancer 3 4DCT 
Prone + 

RMRDb 

18.1  

(14 - 24.3) 

12.5  

(7 – 17) 

a Abdominal compression plate bRMRD – In-house developed Respiratory Motion Reduction Device. *4DCT = 4-Dimensional 

Computed Tomography 

The use of a stereotactic body frame with a compression plate at a moderate setting to dampen abdominal 

motion was investigated by Heinzerling et al212. The authors showed that this equipment was able to create 

a mean reduction in lung and liver tumor motion of 37.5% compared to free breathing (p = 0.0001). Cranial-

caudal motion of the right and left kidney motions were also reduced by an average of 38.2% and 39.5% 

respectively. However, when compared to the range of kidney motion without the compression device, the 

authors reported no statistical significance. Similarly, when comparing the effect between moderate and 

high abdominal compression, the authors did not report a significant reduction in kidney motion. In the 

absence of commercial devices, prone positioning has been investigated as a means to dampen breathing. 

Kim et al331 compared prone and supine positioning to evaluate reduction in abdominal organ motion in 

nine healthy volunteers. They showed a 25% reduction in cranial-caudal motion for the liver dome (p = 

0.015) and a 35% reduction for the pancreatic head (p = 0.036). For the right and left kidneys however, in 

the supine position the average motion was 12mm and 13.9mm respectively and when prone, the motion 

was 12.2mm and 11.7 mm respectively. The reduction was not significant for the right kidney (p = 0.859) 

or the left kidney (p = 1.0). In the study by Lee et al332 the impact of prone and supine positioning on organ 

motion was also investigated. The authors showed that whilst prone, the average diaphragm motion was 

12mm and when supine, the average was 16mm. With further use of a customized compression device in 

the prone position, diaphragm motion showed a mean motion of 3mm (SD ±0.9) The investigators did not 

report any difference in kidney motion according to positioning. However, the average kidney motion was 

similar to the study by Kim et al331 at 18.1mm for the right and 12.5mm for the left kidney. In a separate 

study investigating the impact of supine and prone positioning on adrenal gland motion333, a fiducial marker 

was implanted around the adrenal gland for nine patients diagnosed with metastatic disease to this site. The 

average cranial-caudal motion when the patients were supine and prone were 11.0 mm (p= 0.962) in both 

positions. 
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Kidney Motion During Deep Breathing/Breath Hold  

Eight publications where found describing kidney motion under deep breathing334-337 or from breath-hold 

instructions336,338-341.  No external devices were used on the abdomen. For a “Deep” technique participant 

were told to breathe regularly but deeply. A “Hold” technique refers to participants instructed to 

hold/suspend their breath at the beginning and end of the breathing cycle. A summary of the mean and 

range of cranial-caudal kidney motion is described in Table 6. 

Table 6. Summary of publications reporting crania-caudal kidney motion during deep breathing 

Author 

(year) 

Site of Disease 
Patient 

Number 
Technique^ Imaging* 

Right 

Kidney 

Mean 

(range) (mm) 

Left Kidney 

Mean (range) 

(mm) 

Wysocka et al. 

2010341 
Stomach 22 Hold CT 

Median 16.8 

(1.5-53.1) 

17.2  

(1.3 – 59.9) 

Draney et al. 

2005340 
Volunteers 7 Hold MRI 13.2 10.1 

Aruga et al. 

2000338 
Pancreas/Liver 10 Hold CT 18 (7 - 26) 16 (0 - 23) 

Ahmad et al. 

1997337  
Abdominal 8 Deep Radiographs 11 (3 - 21) 17.7 (1 - 32) 

Balter et al. 

1996339 
Lung/Abdominal 9 Hold CT 18 18 

Schwartz et al. 

1994335 

Upper 

thoracic/head and 

neck cancer 

14 Deep MRI 16 (3 - 39) 14 (6 - 39) 

Moerland et al. 

1994334 
Volunteers 14 Deep MRI - (10-86) - (10-66) 

Suramo et al. 

1984336 

 

Not described 

50 Deep Ultrasound 40 (20-70) 41 (20-70) 

50 Hold Ultrasound 19 (10-40) 19 (10-40) 

*Imaging Systems: MRI = Magnetic resonance imaging, CT =  Computed tomography ^ Hold: Participants instructed to hold their 

breath after inspiration/expiration; Deep: participants instructed to breathe regularly but deeply. 

One of the earliest studies reporting the range of kidney motion under deep breathing was performed by 

Suramo et al336. This study on 50 patients using ultrasound imaging, showed mean motion of 40mm for 

both the right and left kidney. The maximum kidney excursion reported in this group was reported to be up 
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to 70mm for both kidneys. This is similar to the range reported by Moerland et al334 who used MRI to show 

that under deep breathing, kidney motion could be up to 86mm for the right kidney and 66mm for the left 

kidney.  

In contrast, a study by Schwartz et al335 using MRI on 14 participants, showed maximum motion of 39mm 

for both kidneys. Similarly, Ahmad et al337 using radiographs on eight participants reported maximum 

motion of 21mm for the right kidney and 32mm for the left kidney. The main difference between the 

publications by Suramo et al336 and Moerland et al334 over Schwartz et al335 and Ahmad et al337 is the 

investigated patient population. Suramo et al 336 measured kidney motion on patients coming in for a routine 

ultrasound appointment (no specified disease/illness) while Moerland et al334 evaluated healthy volunteers. 

On the other hand Schwartz et al335 measured kidney motion in patients with either thoracic or head and 

neck cancers due for radiotherapy treatment, similar to Ahmad et al337 who used data from patients due for 

whole abdominal radiotherapy treatment. The tumor location could potentially restrict the total range of 

organ motion due to compromised breathing volume in lung cancer patients or post surgical changes in 

abdominal cancer patients203 The mean kidney motion reported by Schwartz et al335 was 16mm on the right 

and 14mm on the left. Ahmad et al337 also reported similar motion of 11mm for the right kidney and 17.7mm 

for the left kidney. The average kidney motion in deep breathing is similar to that found when instructed to 

breath hold. Five studies336,338-341 used breath hold techniques to describe average motion of between 13.2 

– 19mm for the right kidney, and between 10.1 – 19mm for the left kidney. Deep breathing and breath hold 

techniques have been used to investigate replication of kidney position within the abdomen. The study by 

Schwartz et al335 used deep breathing to show that the mean deviation of the superior and inferior kidney 

borders was within 3mm from the original position. Suramo et al336 showed that right and left kidney organ 

position could be replicated within 4mm with breath holding instructions. This kidney position could be 

further replicated to within 1mm when a wooden bar was used to guide the patients’ breathing by tapping 

the patient’s abdomen at regular intervals. Wysocka et al341 used repeated free breathing, inspiration breath 

hold and expiration breath hold CT scans to quantify both abdominal organ motion as well as interfraction 

organ placement. The median displacements of the kidneys from a reference position during free, 

inspiration hold, and expiration hold breathing techniques were 6.6, 4.4 and 5.4mm respectively for the 

right kidney and 6.1, 5.7 and 6.2mm respectively for the left kidney. In a separate study looking at the role 

of respiratory gated treatment in primary kidney RCC, Stam et al299 used cine MRI imaging on 15 patients 

to examine the reproducibility of kidney position under free breathing and breath hold conditions. 

Compared to breath hold, free breathing was able to reproduce the kidney position within 2mm for 80% of 

the participants.  

Kidney Motion During Free Breathing  

Fifteen publications where found that described kidney motion under free breathing whereby no equipment 

to influence breathing was given to the participant212,298,331,334,342-352. A summary of the mean and range of 

cranial-caudal kidney motion is described in Table 7. 
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Table 7. Summary of publications reporting crania-caudal kidney motion during free breathing 

Author 

(year) 

Site of Disease 
Patient 

Number 
Imaging* 

Right Kidney 

Mean (range) 

(mm) 

Left Kidney 

Mean (range) 

(mm) 

Tai et al. 2013351 Pancreatic Cancer 10 4DCT 5.7 (SD +/- 3.2) 7.1 (SD +/- 3.1) 

Hallman et al. 

2012349 

Liver/pancreatic 

18 4DCT 6 (0 - 11) 4.5 (0 - 16.7) 

Siva et al. 2012350 Liver/lung/ 62 4DCT 7.7 (1.1 - 19.2) 7.9 (1 - 36) 

Gawthrop & Gill 

2012346 

Lymphoma/stomach/ 

Adrenal 5 4DCT 

13 (SD +/-0.5) 

12 (SD+/-0.8) 

Song et al. 2011298 Volunteers 10 MRI 8.9 (4.4 - 15.5) 8.5 (5.6 - 13.9) 

Goldstein et al.  

2010348 

Pancreatic cancer 

30 4DCT 7.2 (1.7 - 13.8) 6.4 (2.2 - 11.1) 

Heinzerling et al. 

2008212 

Lung/Liver cancer 

10 4DCT 7.6 (4.3 - 12.4) 6.2 (2.9 - 10.6) 

Kim et al. 2007331 Volunteers 9 4DCT 13.9 12 

van Sörnsen de 

Koste et al. 

2006352 

Lung/Abdominal cancer 

54 4DCT 9 9.8 

Giraud et al. 

2006347 

Liver/Lung cancers 

8 4DCT 7.3 9.8 

Brandner et al. 

2006 343 

Eligible for radiotherapy 

13 

4DCT 

(audioa) 

13 

11 

Boucher et al. 

2004342 

Volunteers 

8 4DPET 12 (3.5 - 18.8) 11.1 (3.5 - 17.1) 

Bussels et al. 

2003344 

Pancreas/volunteers 

12 MRI - (max 16.1) - (max 16.9) 

Moerland et al. 

1994334 

Volunteers 

14 MRI - (4 – 35) - (2 – 24) 

Davies et al. 

1994345 

Volunteers 

9 

Ultrasound 

11 (SD 4) - 

a Audio feedback for breathing synchronization used **Imaging Systems: MRI =  Magnetic resonance imaging, 4DPET = 4-

Dimensional Positron Emission Tomography; 4DCT = 4-Dimensional Computed Tomography 
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Free breathing measurements are taken with no specific breathing instructions or immobilization equipment 

over the abdomen to intentionally dampen the range of abdominal based breathing. Eight of the fifteen 

publications reported mean kidney motion of less than 10mm for both the left and right kidneys 212,298,347-

352. From this group, Siva et al 350 and van Sornsen de Koste et al 352 with a combined series of 116 

participants reported average kidney motion of 7.7 and 9.8mm respectively. Five publications 331,342,343,345,346 

showed average kidney motion ranging from 11mm to 13mm. The study by Brandner et al 343 reported right 

and left motion of 13mm and 11mm respectively with the aide of an audio device to guide breathing 

inspiration and expiration. This is an aide that is calibrated to suit the patients’ own level of comfort rather 

than to achieve a specified motion range. Davies 345 attempted to quantify organ motion by classification 

of participants into chest or abdominal based breathers. The authors noted that there was a trend for 

abdominal breathers to have larger kidney motion (average motion 10mm - 16mm) compared to chest 

breathers (average motion 9mm). 

Kidney Motion in Pediatric Patients 

Two publications were found describing kidney motion for pediatric cases with and without general 

anesthesia353,354. A summary of the mean and range of motion is described in Table 8. 

Table 8. Summary of publications reporting crania-caudal kidney motion in paediatric patients 

 

Author 

(year) 

 

Site of Disease Patient Number Imaging* 

 

Aide 

Right 

Kidney 

Mean 

(range) 

(mm) 

Left 

Kidney 

Mean 

(range) 

(mm) 

Nazmy et al. 

2012353  

Neuroblastoma 

(mean age 4 +/-1.6) 

9 

(mean age 4 +/-1.6 

yrs) 

CBCT 
General 

Anesthesia 
(4 – 10)+ (4 - 8) + 

Pai et al. 

2012354 

 

 

Neuroblastoma/ 

Hodgkins/ 

Soft tissue 

sarcoma/wilms 

11 

(mean age 4 , 

range 2 to 8 years) 

4DCT 
General 

Anesthesia 

1.9  

(0.6 - 3.7) 

1.7  

(0.7 - 3.4) 

9 

(mean age= 12, 

range 9 to 18 

years) 

4DCT 
Free 

breathing 

3.9  

(1.5 -6.3) 

3.07  

(0.8 - 4.6) 

*4DCT = 4-Dimensional Computed Tomography; CBCT = Cone Beam Computed Tomography + Interfraction motion of the 

kidney position reported. 
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The use of general anesthesia in radiation oncology is limited to pediatric cases and with the reduced tidal 

volume effect during anesthesia355,356 can potentially act as a method to reduce kidney motion. Pai et al354 

analyzed kidney motion data for children undergoing anesthesia (2-8 years of age) and showed that kidney 

motion for this age group was less than 2mm for both the right and left kidneys. The older age group (9 – 

18 years of age), not under general anesthesia, showed mean motion of 3.9 and 3.07mm for the right and 

left kidneys respectively. While there was a statistically significant difference in motion between these two 

groups (p =0.0075) indicating reduced kidney motion during anesthesia, the authors also found a significant 

correlation with age. For every increase in age by one year there was an increase in kidney motion of 

0.12mm on the left (p=0.0187) and 0.15mm on the right kidneys (p=0.0323). The increased kidney motion 

in the older age group could be due to the age effect rather than the anesthesia effect. The study by Nazmy 

et al353 used cone beam CT to image kidney position on different treatment fractions among children with 

a mean age of four years. The mean displacement of the kidney position from the planning CT was 10mm 

for the right and 8mm for the left kidneys.  

Lateral and Anterior/Posterior Kidney Movement  

Due to the size, shape and location of the kidney, the movement of the kidneys is not limited in the cranial-

caudal direction but can be more complex. A large range of motion in the lateral and anterior posterior 

direction has been reported for the kidney with little evidence to suggest breathing technique can affect the 

absolute range of motion (Table 9). 

Table 9. Summary of publications reporting lateral and anterior/posterior kidney motion 

Author (year) 

 

Breathing 

Type 

Mean Left Right Motion (mm) 

Mean Anterior Posterior 

Motion (mm) 

 Left Kidney Right Kidney Left Kidney Right Kidney 

Kim et al. 2007331 

 Controlled 

(Prone) 2 0.1 0.1 2 

Lee et al. 2004332 

 Controlled 

(Prone) 1.4 2.6 3.1 4.2 

Wysocka et al. 

2010341 

 

Breath Hold Median 1.6 Median 1.5 Median 5 Median 4.5 

Draney et al. 

2005340 

 

Breath Hold - - 2.3 6.3 

Aruga et al. 

2000338 

 

Breath Hold 0.8 1.2 0.3 2.9 

Tai et al. 2013351  Free 0.9 0.8 2.8 3.3 
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van Sörnsen de 

Koste et al. 

2006352 

 

Free 0.6 0.6 1.2 2.6 

Giraud et al. 

2006347 

 

Free 3 4.7 8.1 6.7 

Brander et al. 

2006 343 

 

Free 1.4 1.4 4.4 6.1 

Bussels et al. 

2003344 

 

Free 6.2 4.8 5.3 - 

 

Prone positioning331,332 showed average lateral kidney motion of less than 3mm with mean anterior posterior 

motion of up to 4.2mm. Similarly, breath hold techniques338,340,341 showed average lateral kidney motion of 

less than 2mm with average anterior posterior motion of both kidneys between 0.3 – 6.3mm. Free breathing 

techniques343,344,347,351,352 also showed lateral motion between 0.6 – 6.2mm and larger average anterior-

posterior motion of up to 8.1mm. Differences in cranial-caudal movement of the individual kidney poles 

have also been reported in two studies335,346. Gawthrop & Gill346 reported average superior kidney pole 

motion of 12.3mm compared to inferior kidney pole motion of 6.7mm. Schwartz et al335 showed that in the 

left kidney the superior pole average motion of 14mm compared to the inferior pole with an average of 

17mm.  

 

2.4 Discussion 

One of the earliest reports on stereotactic body radiotherapy was from the Karolinska institute in 1994 229 

describing the design and use of a stereotactic body from for lung and liver stereotactic treatment. Since 

then this technique has been increasingly used internationally. In the United States, a survey among more 

than 500 physicians showed a dramatic increase in use of SABR treatment over a 10-year period. In 2000, 

less than 10% of the surveyed physicians where using this technique, whereas in 2010 more than 60% had 

adopted the technique into the clinic. Of the top five most common sites for treatment, four were targets 

that are subject to potentially significant motion induced error (lung, liver, pancreas and adrenal glands). 

Within this group of physicians prescribing SABR treatment, the majority of respondents addressed motion 

management with gating and/or abdominal compression techniques. For the non-users of SABR, 62.6% 

agreed that lack of necessary equipment limited a protocol for SABR treatment296. SABR treatment has 

become more popular due to the increased implementation of advanced imaging technology that can 

capture organ motion. A 2009 report on use of advanced imaging technology in the United States357 showed 

that from 2006 to 2009 there was an almost  doubling of the use of 4DCT imaging in radiation oncology. 

The rapid adoption of this technology into the radiotherapy department stems from the ability to provide 

time resolved CT data that can be used for dose planning as well as to accurately describe organ motion. 
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The role of other imaging modalities is limited in radiotherapy planning due to resource availability. 

Technologies such as MRI are commonly used to assist in delineation of immobile soft tissue structures358,  

and with further developments in motion based MRI imaging359 their role as non-ionizing imaging 

technology will increase. In this review a variety of technologies were employed to observe kidney motion. 

Ultrasound and MRI were commonly seen in the older publications, but the development of 4DCT in the 

early 2000 has resulted in 4DCT as the dominant technology used to quantify organ motion in more recent 

publications. Nevertheless, the variety of imaging techniques and the type of equipment does not appear to 

influence the degree of kidney motion reported. 

SABR treatment for primary RCC is a relatively new indication with few reports of motion management 

strategies. Staten Island University Hospital and The Karolinska Institute have published studies using 

standard CT imaging with the stereotactic body frame to compress diaphragm motion275,276. A minimum of 

10mm margin around the gross tumor volume (GTV) was used for the planning target volume. The National 

Institute of Radiological Sciences in Japan also did not use 4D CT imaging for target delineation. Instead, 

a margin of 15 – 20mm was added to the GTV and used alongside iridium needles for target verification280. 

One report from the Methodist Hospital in Houston360 described the use of 4DCT in the planning process, 

however, this was for treatment using a gating technique. The Peter MacCallum Cancer Center in Australia 

has described the use of 4DCT imaging with vacuum immobilization for stabilization in a patient 

undergoing SABR treatment to a kidney target. Pre-treatment verification of breathing depth to ensure 

consistency with the breathing motion seen in planning was a requirement for treatment361.  

The sparing of non-tumor tissue is an important priority in SABR delivery. Unlike conventional planning, 

heterogeneous dose distribution is a main feature of this technique. A target that has minimal motion will 

therefore ensure a highly conformal dose to the tumor target. There are, however, resource implications in 

the use of motion management equipment. Implementing motion management techniques can lead to an 

extension of the overall treatment time. In one study, the additional time requirement when using 

stabilization equipment was reported to be up to 40 minutes (12). This extra time burden may not be suitable 

for a SABR program associated with an ageing patient population that have difficulties in maintaining a 

fixed position for an extended period of time.  

2.5 Conclusion 

In the context of SABR delivery for primary kidney targets, the range of motion of the kidney under 

different breathing conditions can be complex. Cranial-caudal kidney motion under forced-shallow 

breathing has been shown in one publication to be on average less than 5mm 212. The use of prone 

positioning as a compression strategy does not seem to affect kidney motion as it appears to be unchanged 

from kidney motion during free-breathing which has reported motion ranges of less than 10mm 212,298,347-

352. Not surprisingly, under deep breathing and breath holding the average right and left kidney motion is 

almost double that of free-breathing, with a majority of publications reporting motion between 10mm and 

20mm. Complex kidney motion is also seen for both the right and left kidneys with the mean anterior 
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posterior motion ranging between 0.1mm up to 8.1mm. Lateral motion of the kidney appears to be less of 

an issue with the majority of publications reporting a lateral motion mean of less than 2mm. There are a 

limited number of publications describing effectiveness of techniques/equipment that can minimize kidney 

motion, warranting further investigation into this area.   

2.6 Literature review update 

An update of the literature review was performed using the OVID Medline database for the period since 

the publication of the review outlined above. The new search criteria included publications between 2013 

to October 2019 with the following expressions used for the search: [exp kidney/ or kidney$.af.] AND [exp 

motion/ or exp movement/ or motion.af. or move$.af. or displace$.af.] AND [exp respiration/ or 

breath$.mp.]. 

A total of 114 publications were found within the database from the period of 2013 to October 2019. After 

exclusion of articles not involving humans, case reports and non-reporting of cranial-caudal motion of the 

kidney, a total of 16 additional articles were deemed relevant to the literature review. These included 356 

adults and 74 paediatric cases. The imaging modalities employed for these studies were similar to those 

previously reported with 4DCT, ultrasound, CT/CBCT and MRI used to quantify cranial-caudal kidney 

motion. 

Of the 16 additional papers updated for the literature review, twelve articles published results detailing 

kidney motion under free-breathing conditions, six reports on forced/shallow breathing conditions and two 

articles on paediatric kidney motion. No reports were identified describing kidney motion under deep 

breathing conditions.  

Kidney Motion Under Free-Breathing 

Under free-breathing conditions, seven studies302,362-367 reported average kidney motion between 10mm and 

24.8mm. Five studies showed 10mm or less of motion362,368-372. Table 10 is a summary of the means and 

standard deviations of kidney motion observed in those studies. 

Table 10. Summary of publications (2013 to October 2019) reporting crania-caudal kidney motion 

during free-breathing 

Author 

(year) 

Site of Disease 
Patient 

Number 
Imaging Aide 

Right Kidney 

Mean 

(standard 

deviation) 

(mm) 

Left Kidney 

Mean (standard 

deviation) (mm) 

Yamashita 

(2014)  

Lung, oropharyngeal, 

liver 
20 4DCT Free  11.1 (+/- 4.8) 
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Tai (2013) Pancreas 10 4DCT Free  5.7 (+/-3.2) 7.1 (+/- 3.1) 

Jung (2013) Liver 11 4DCT Free  
median 12 

(range 6-23) 

median 15 (range 

8-31) 

Pham (2014) Healthy 9 US Free 14.8 (+/-7.8) 16 (+/-11.4) 

Damato 

(2014) 
Gynecologic 6 4DCT Free  9.9 (range 4.5 – 18.7) 

Bohris 

(2015) 

Healthy 

 

10 

 

US 

Free 

 

12 (range 6-18) 

Kidney Stone 10 10 (range 4-16) 

Abhilash 

(2016) 
Healthy/stones/cysts/RCC 110 US Free 24.5 (+/- 6.4) 17(+/-3.6) 

Harrogate 

(2016) 
Kidney stone 41 US Free 

7.7(+/- 2.9) 

West (2017) Liver/Kidney cancer 13 4DCT Free 

Median 10  

(range 4 - 16) 

 

8 (range 2 

- 18) 

 

Cusumano 

(2018) 
Kidney cancer 4 4DCT/MRI Free 5 (+/2.9) (4DCT) 

7 (+/-2.4) (MRI) 

Van Gelder 

(2018) 
Liver/Pancreas cancer 15 4DCT Free 

6.9 (+/-1.0)  6.1 (+/-2.5) 

Prins (2019) Kidney cancer 15 MRI Free 
12.3 

 

Kidney Motion Under Shallow Breathing 

Shallow breathing in five publications reported kidney motion between 4mm and 8.1mm300,362,367,371,373. One 

study reported an average kidney motion greater than 12mm364. Table 11 is a summary of the means and 

standard deviations of kidney motion as reported in these studies.  
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Table 11. Summary of publications reporting crania-caudal kidney motion during Forced/Shallow 

breathing 

Author 

(year) 

Site of Disease 
Patient 

Number 
Imaging Aide 

Right Kidney 

Mean 

(standard 

deviation) 

(mm) 

Left Kidney 

Mean 

(standard 

deviation) 

(mm) 

Sonier 

(2014) 
Primary Kidney 30 4DCT 

Vacuum (n = 

28) 

ACP (n = 2) 

8.1 (+/-4.33) 

Pham 

(2014) 
Healthy 9 US Vacuum 12.8 (+/-6) 14.4 (+/-11.8) 

Pham 

(2015) 
Kidney 32 4DCT Vacuum 8 (+/-4) 6 (+/-3) 

Bohris 

(2015) 

Healthy 

 

10 

 

US 

ACP + 

Oxygen 

 

8 (range 3-11) 

Kidney Stone 10 7 (range 3-11) 

West 

(2017) 
Kidney/Liver 31 4DCT ACP 

Median 6 (range 

2 -10) 

 

Median 4 (range 

2 - 10) 

 

Van 

Gelder 

(2018) 

Liver/Pancreas 

cancer 
15 4DCT 

Pneumatic 

Belt 6.3 (+/-1.7)  5.2 (+/-2.4) 

 

Two studies compared kidney motion under abdominal compression and free-breathing conditions362,364. 

Bohris et al362 designed a compression plate to sit above the participant’s navel. An ultrasound transducer 

was angled from the patient’s side to capture the superior-inferior motion of the kidney. Under abdominal 

compression, the average kidney motion was 8mm compared to free-breathing at 12mm (p = 0.001). A 

similar setup using ultrasound also showed a significant reduction in kidney motion when under vacuum 

compression364. However, this was effective for only 6/9 (67%) participants. Two of nine (22%) participants 

showed less than 1mm change in kidney motion and 1/9 (11%) showed an increase of 8.2mm in kidney 

motion when under vacuum compression. Two studies reported kidney motion for patients undergoing 

kidney SABR treatment300,373. In both studies, 4DCT imaging was used to quantify kidney motion with the 

patient immobilised under dual vacuum immobilisation. Sonier et al reported mean superior-inferior kidney 
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motion of 8.1 (+/4.3) mm. In contrast, our group  measured kidney motion at the superior, mid and inferior 

poles of the left and right kidney373. For the right kidney, the superior, mid and inferior kidney pole motion 

averaged 8 (+/4) mm, 5 (+/-3) mm and 6 (+/3) mm respectively. For the left kidney, the superior, mid and 

inferior kidney pole motion averaged 6 (+/3) mm, 5 (+/4) mm and 5 (+/3) mm respectively. A similar study 

also measured the cranial-caudal motion of the superior and inferior poles of the right and left kidneys301. 

In this study, a compression belt with an air bladder that was inflated to 60-80 mmHg was investigated to 

determine its effectiveness in reducing kidney motion. Under compression, the superior and inferior poles 

of the right kidney showed a median motion of 6 (range 2 – 10) mm and 4 (range 0 – 8) mm respectively, 

and for the left kidney, the median motion was 4 (range 2 – 10) mm and 4 (range 0 – 8) mm respectively. 

Compared to free-breathing, the addition of compression was able to reduce the left superior kidney poles 

by 2mm (p = 0.047). The right kidney, while under compression, also showed a median reduction of 2mm, 

but this was not statistically significant (p = 0.051). One of 13 patients (7%) in this study showed an increase 

of 4mm in kidney motion when under compression. In another study comparing the effectiveness of 

abdominal compression to reduce organ motion, a pneumatic compression belt was used to limit breathing 

motion367. Fifteen patients underwent repeated 4DCT scans, with and without the compression belt. Four 

of 14 (28%) and 6/14 (42%) patients showed a reduction in left and right kidney motion respectively. Two 

of 14 (14%) patients showed an increase in the left and right kidney motion. Overall, the authors did not 

find a significant change in kidney motion (p-value not reported). 

Kidney Motion in Paediatric Patients 

Two new studies374,375 have reported on the interfraction kidney displacement in paediatric cases (Table 

12).  

Table 12. Summary of publications reporting crania-caudal kidney motion in paediatric patients 

Author 

(year) 

Site  

of Disease 

Patient 

Number 
Imaging Aide 

Right Kidney 

Mean (mm) 

Left Kidney 

Mean (mm) 

Huijskens 

(2015) 

Lung, 

Abdomen, 

Spinal Cord  

39  CT/CBCT* 

Free breathing  

(n = 37) 

Anaesthetised 

 (n = 2) 

0.5 1.5 

Uh (2017) 
Abdominal 

tumours 
35 MRI 

Free breathing  

(n = 18) 

4.7  

(95% CI 3.5 – 

5.9 

 

4.8  

(95% CI 3.3-6.2) 

 



 60 

 

Anaesthetised  

(n = 17) 

2.3  

(95% CI 1.8-2.8) 

 

1.6  

(95% Ci 1.1 - 2.1) 

 

*CBCT imaging was used for verification at pre/mid and post treatment  

The study cohort of 39 patients had a median age of eight years (range 1.6 to 17.8). Only two patients were  

anaesthetised during imaging374. Kidney motion was measured using CBCT imaging to calculate the 

positional displacement from the planning CT. This is a limitation of the study which does not accurately 

measure the intrafraction motion of the kidney. In another publication, thirty-five patients with a median 

age of nine years (range 1 – 20) underwent 4D MRI imaging for treatment planning375. Patients aged eight 

years or less (with the exception of one twelve-year-old) were anaesthetised. The authors found a strong 

correlation between age and patient height with the peak-to-peak superior-inferior motion of the kidneys 

(p = <0.001).  

There is renewed interest in quantifying organ motion as imaging technology becomes readily available. 

This review has discussed a large body of evidence indicating a wide variation of superior-inferior kidney 

motion among individuals. Stabilisation devices, to manage breathing motion, can reduce kidney motion 

for radiotherapy planning301,376, an effect similarly shown in other clinical sites212,216,225,329. Two new studies 

recording superior-inferior kidney motion based on the superior, central and inferior pole suggests 

independent motion in these areas301,373. Further investigation into this geographical independence could 

inform future studies on asymmetric planning margins. Compared to adults, kidney motion in paediatric 

patients continue to show relatively small amounts of motion374,375.  

A limitation with using compression devices to regulate kidney motion is the occasional risk of increasing 

kidney  motion301,364. This effect has also been seen in other clinical sites226,329,377, highlighting a need to 

closely monitor the use of compression devices as a motion management tool.  
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As the previous chapter has highlighted, kidney motion can vary greatly among individuals. Strategies to 

minimise breathing motion can influence kidney motion including the use of abdominal compression 

devices. In this chapter, the ElektaTM dual vacuum stabilisation device was investigated to explore if 

increased vacuum compression could reduce kidney motion by restricting breathing. This chapter is an 

exact copy of the manuscript that has been published364. The only modifications made have been to the 

figures and tables that were embedded within the text and the references which have been moved to the end 

of the thesis. This has allowed a consistent format for this thesis. 
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Abstract 

Abdominal stereotactic ablative body radiotherapy is aided by motion management strategies to ensure 

accurate dose delivery as targets such as the kidney are easily influenced by breathing motion. Commercial 

devices such as compression plates and dual vacuum technology have been demonstrated to reduce the 

motion of lung and liver tumors. The aim of this study was to evaluate the effectiveness of a dual vacuum 

system in reducing kidney motion as well to investigate any relationship between abdominal wall motions 

with kidney motion. Ten healthy volunteers were set up with and without vacuum compression (Elekta 

BodyFIXTM) to simulate free and dampened breathing. Ultrasound imaging was used to visualize kidney 

motion at the same time an abdominal surface marker was monitored using infrared imaging (Varian, Real 

Time Position Management). The resulting kidney and abdominal motion tracks were imported into motion 

analysis (PhysmoTM) and custom built software (Matlab, Mathworks, MA, USA) to calculate amplitude of 

motion independent of shifting baselines. Thirty-four kidney datasets were available for analysis, with six 

datasets unable to be retrieved. With vacuum compression six out of nine participants showed a mean 

reduction of kidney motion ranging between 1.6 mm - 8 mm (p <0.050). One participant showed an increase 

in motion of 8.2 mm (p <0.001) with vacuum compression. Two participants showed no significant change 

(<1 mm) in kidney motion. No relationship was observed for abdominal wall motion and motion changes 

in the left kidney (r = 0.345, p = 0.402) or right kidney (r = 0.527, p = 0.145). Vacuum compression reduced 

kidney motion in the majority of participants; however larger breathing motion can also result from its use. 

No pattern emerged regarding which patients may benefit from vacuum immobilization as abdominal wall 

motion was not found to be an adequate surrogate for kidney motion.   
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3.1 Introduction 

Stereotactic ablative body radiotherapy (SABR) in primary kidney targets have shown tumor control rates 

of between 80 - 100% at 2 years324. Implementation of an optimal stereotactic program for kidney targets 

is reliant on effective motion management techniques as reports of mean kidney motion are varied, ranging 

from less than 10 mm212,347,348,350,352 up to 40 mm336. The American Association of Physicists in Medicine 

(AAPM) have developed guidelines on motion management strategies summarizing their findings in the 

AAPM Task Group Report160. In this report one of the more common strategies to reduce organ mobility 

is to induce shallow breathing through abdominal compression. This strategy has been popularized in a 

number of clinical settings including lung and liver treatment. Devices such as abdominal compression 

plates200,212,329,378,379, dual vacuum technology329 and abdominal straps331 have been demonstrated to reduce  

target volume and as well reduce dose to critical structures such as the healthy lung 380 and liver381; however 

no study has directly examined the impact of abdominal compression on kidney motion. In this study an 

investigation is made into the effect of dual vacuum compression on kidney motion as visualized by 

ultrasound. We hypothesized that at high levels of vacuum compression, breathing motion will be 

dampened and hence reduce the superior inferior kidney motion. As a secondary objective, we investigated 

whether internal kidney motion was associated with abdominal wall motion, as assessed by an abdominal 

surrogate maker. 

3.2 Materials and Methods 

Participants  

The research protocol was approved by our institution’s ethics committee. Ten healthy volunteers were 

recruited consecutively from within our institution. The group consisted of five females and five males with 

a mean age of 34.1 years (range 22 – 65 yr). All participants were able to tolerate being set up in a supine 

position with their arms up for a session that would last approximately one hour. No specific instruction 

for breathing was given.  

Equipment  

The BodyFIXTM system (Elekta, Stockholm, Sweden) was used in this study to provide dual vacuum 

compression over the abdomen. This device is composed of a T-shaped body support system that can be 

molded onto a patient’s body profile (Figure 8).  
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Figure 8. Dual vacuum immobilization using the Elekta BodyFIX® system.  

Composed of a) BodyFix® dual cycle pump, b) BlueBAGTM for custom body molds c) Coversheet . Source: Peter MacCallum 

Cancer Centre 

A plastic coversheet was placed over the participant, leaving the head and neck uncovered, whilst at the 

same time isolating the region of the upper body to mid waist underneath the coversheet. A closed 

environment was ensured by sealing the coversheet to the vacuum formed body bag that is connected to a 

dual cycle pump via a tube that is fed under the coversheet. By activating the vacuum pump, air underneath 

the coversheet can be evacuated to different pressure levels ranging from 0 up to a maximum of 100 mbar 

or the maximum pressure tolerated by the participant.  

Ultrasound  

A portable ultrasound system (B&K Falcon, Herlev, Denmark) was set up to visualize the kidneys using 

an abdominal transducer (6 - 3 MHz). In order to make a recording of the superior inferior kidney motion, 

the ultrasound system used a video output connection to a laptop (IBM: Armonk NY) for a live video 

recording of 300 seconds. Operation of the ultrasound was performed by an experienced radiologist with 

specialist training using ultrasound. 
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Abdominal Surface measurement  

Abdominal motion measurements were performed using the Varian Real-Time Position ManagementTM 

(RPM) system (v. 1.6, Varian Medical System, Palo Alto, California, USA). This is composed of an infrared 

tracking camera and a two-point reflective marker (Figure 9).  

 

Figure 9. Participant setup in the dual vacuum system with a two-point surrogate marker (inset) on 

the abdomen.  

Infrared camera used to monitor and record abdominal motion. Source: Peter MacCallum Cancer Centre 

  

The position of the marker box was midline at the point of greatest motion, allowing any anterior-posterior 

motion that occurred to be detected by the infrared camera. The displacement of the marker box was 

recorded by the RPM software for a period of 300 s. This measurement was initiated simultaneously with 

the beginning of each kidney recording, and for the final analysis the first and final 30 s of RPM recording 

was removed to exclude any bias introduced at the beginning and end of each setup change. Hence, the 

evaluable measurements were taken over a 240 second period. 

Measurement Order  

All participants were first set up in the BodyFIX system in order to determine the maximum pressure setting 

comfortably tolerated. Once this was defined an ultrasound video recording was performed on the kidneys 

in the following order: right kidney with no vacuum pressure applied; right kidney with vacuum pressure 

applied; left kidney with vacuum pressure applied; left kidney with no vacuum pressure applied.  
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Motion Analysis 

On each video recording, the kidney motion was measured using open-source video motion analysis 

software (Physmo-Video Motion Analysis Package, San Francisco, CA. http://physmo.sf.net). Each kidney 

video recording was imported into this software which subsequently converted each second of video into 

four frames. An experienced dosimetrist used a marker tool in the software to localize the most superior 

head of the kidney in each frame. For each video set, a file containing the spatial location of each marker 

at each time point was exported into Microsoft Excel for further analysis. Due to the inherent baseline shift 

associated with manual operation of the transducer, the Excel file containing the kidney motion data was 

imported into a previously described customized software382 developed using MatlabTM (Mathworks, 

Natick Massachusetts). This software was used to calculate a series of motion amplitudes indicating the 

cranial caudal motion of each kidney video recorded under each breathing condition. The software was 

designed to analyze five parameters that characterize a breathing track: inhale and exhale amplitude, 

frequency of breathing asymmetry of the breathing period and a mean variable baseline; the software 

calculates a baseline for each inhale/exhale cycle, providing a moving baseline for the entire breathing 

track. In our current investigation the ability of the software to quantify an amplitude value from a shifting 

baseline that is a characteristic for each breathing period removed the bias associated with manual handling 

of the transducer.  

Statistical Analysis 

IBM SPSS Statistics software (v. 21.0, Chicago, IL) was used to analyse the data with statistical 

significance set at p = 0.05. Each participant was analysed separately. The mean amplitude of kidney motion 

with and without the vacuum immobilization, as well as the mean amplitude of abdominal motion with and 

without the vacuum immobilization were each compared using an independent samples t –test. Spearman’s 

Rank correlation was used to investigate the relationship between kidney motion (mm) and the change in 

abdominal surface motion (%), as well as the relationship between the change in kidney motion and vacuum 

pressure setting (mbar).  

3.3 Results 

A total of forty kidney motion datasets and abdominal breathing traces from ten volunteers were acquired 

and recorded. However, due to a necessary hardware upgrade of the laptop used for data storage, a total of 

five kidney and abdominal datasets from two volunteers were unable to be retrieved for analysis leaving 

only nine participants available for analysis. Based on an extended time lapse between the data 

measurement and data analysis as well as subsequent unavailability of equipment and personnel, it was 

decided to not repeat or collect new data. The full data from eight participants was available for comparison 

of left kidney motion and abdominal motion with and without vacuum compression. Similarly, data for 

nine participants were available for comparison of right kidney and abdominal motion with and without 

vacuum compression. 
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Participant motion and manual operation of the ultrasound transducer probe meant that visualization of the 

kidney was not possible for the entire recording in each participant. Visualization of kidney motion 

averaged 230 s (range 105 – 300 s) and for the final analysis the first and final 30 s of the video was removed 

to exclude any bias introduced at the beginning and end of each setup change. 

In this group of volunteers, the mean pressure level achieved using the dual vacuum compression was 74.3 

mbar (range 63 – 100 mbar) with an aim to reach 100 mbar or what was tolerated by the participant. 

Kidney Motion with and without the Vacuum Pressure 

The mean superior-inferior kidney motion without the vacuum immobilization was 16 mm (range 8.2 – 

45.0 mm) and 14.7 mm (6.8 – 33.4 mm) for the left and right kidneys respectively. The mean superior-

inferior kidney motion during vacuum immobilization was 14.5 mm (range 7.2 – 43.0 mm) and 12.8 mm 

(range 7.2 to 27.0 mm) for the left and right kidneys respectively. Figure 10 demonstrates the mean right 

and left kidney motion with and without dual vacuum immobilization. The line of identity represents no 

difference in kidney motion with and without dual vacuum immobilization. As a group average the vacuum 

effect was not found to be statistically significant for left kidney (p = 0.781) nor for the right kidney (p = 

0.566).  

 

 

Figure 10. Kidney motion (mm) with and without dual vacuum immobilization. 

Analysis of individual effects of the vacuum compression showed that of the nine participants, seven 

showed a significantly different motion on at least one kidney as a result of the vacuum compression. When 

immobilized using the dual vacuum system four of eight participants showed left kidney reduction ranging 

0.0

10.0

20.0

30.0

40.0

50.0

0.0 10.0 20.0 30.0 40.0 50.0

Kidney Motion with no Vacuum Immobilisation (mm)

K
id

n
e

y
 M

o
ti
o

n
 w

it
h

 V
a

c
u

u
m

 I
m

m
o

b
ili

s
a

ti
o

n
 (

m
m

)

Left Kidney

Right Kidney

Line of Identity



 69 

from 3.2 mm up to 8.0 mm (p <0.001 to p = 0.020). Right kidney motion change was observed in seven of 

nine participants. Reduction of motion was observed in six of these nine with values ranging from 1.6 up 

to 6.2 mm (p <0.001 to p = 0.033). One of the nine participant showed a mean increase in right kidney 

motion of 8.2 mm (p<0.001). In two participants the mean difference of the kidney motion with and without 

the vacuum compression was less than 1 mm which was not found to be statistically significant. A summary 

of the individual results can be seen in Table 13. 

Table 13. Summary of superior inferior kidney motion with and without dual vacuum 

immobilization. 

    

Kidney motion with 

 vacuum compression 

(mm) 

 

Kidney motion without 

vacuum compression 

(mm) 

 

Mean 

Difference* 

(95% CI) 

        

 

p-value 

 

Participant Sex Kidney Mean 

(±SD) 

Min Max Mean 

(±SD) 

Min Max 

1 Female Left 7.2 (±2) 3 12.2 14.4 (±3) 8 24 -8 (-8.2 to -6) <0.001 

Right 7.8 

(±2.8) 3 16.4 

15.2 

(±2.2) 7.2 23 

-7.4 (-8.4 to -

6.2) 

<0.001 

2 Female Left 

Data not available 

8.2 

(±2.8) 4.4 14.6 - 

 

Right 

15 (±1.6) 12.4 17.4 

6.8 

(±1.8) 4.4 10.4 8.2 (7.2 to 9.2) 

<0.001 

3 Female Left 9.4 

(±5.8) 3.4 33.8 

13.6 

(±7.2) 5 36.6 

-4 (-6.6 to -

1.4) 

0.003 

Right 

10.8 (±5) 5.4 37.4 14 (±7.4) 6.4 36.8 

-3.2 (-5.6 to -

0.6) 

0.012 

4 Male Left 7.4 

(±3.4) 3.2 17.8 

8.2 

(±4.4) 3.4 18 

-0.8 (-2.4 to 

0.8) 

0.362 

Right 13.2 

(±6.2) 3.4 29.2 

13.6 

(±7.8) 5 39 

-0.4 (-3.4 to 

2.6) 

0.794 

5 Male Left 43 

(±11.8) 22.2 63.2 45 (±3.8) 41.2 49.4 

-2 (-15.2 to 

11.2) 

0.738 

Right 

27 (±7.2) 11.4 41.6 

33.4 

(±10.4) 16.4 65.2 

-6.2 (-12 to -

0.4) 

0.033 
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6 Male Left 11.6 

(±3.4) 4.8 16.8 

11.4 

(±4.8) 6 35.6 

0.2 (-2.2 to 

2.8) 

0.854 

Right 9.6 

(±2.6) 4.4 19 

12.2 

(±3.6) 5.4 18.2 

-2.6 (-4.4 to -

0.6) 

0.010 

7 Male Left 10.2 

(±1.4) 7.8 12.4 

9.4 

(±2.4) 5.8 16.2 

0.6 (-0.6 to 

1.8) 

0.279 

Right 9.8 

(±2.8) 6 14 

9.8 

(±2.2) 5 15.2 0 (-1.6 to 1.4) 

0.922 

8 Female Left 14.8 

(±5.8) 5 28.2 18 (±7) 8.4 47.4 

-3.2 (-5.8 to -

0.6) 

0.020 

Right 14.8 

(±6.2) 5 39 

18.6 

(±8.2) 8.8 60.6 

-3.6 (-6.4 to -

0.6) 

0.013 

9 Male Left 

12 (±3) 5 20.8 

16.2 

(±9.4) 5.8 46.2 

-4 (-6.4 to -

1.6) 

0.001 

Right 7.2 

(±2.4) 5 15.8 9 (±3.4) 4.2 19.6 

-1.6 (-2.8 to -

0.4) 

0.015 

 

Total 

Left 14.4 

(±11.8) 

  16 

(±11.4) 

  -1.6 (-13.5 to 

10.4) 

0.781 

Right 

12.8 (±6) 

  14.8 

(±7.8) 

  -1.9 (-8.9 to 

5.1) 

0.566 

*Negative value indicates reduced kidney motion with vacuum compression; positive value indicates increased kidney motion with 

vacuum compression. 

Abdominal Motion with and without Vacuum Pressure 

During ultrasound imaging of the left kidney, the abdominal motion measured for the group of participants 

without the vacuum compression averaged 6.1 mm compared to 4.7 mm when under the vacuum 

compression. This mean group difference of 1.37 mm however was not found to be statistically significant 

(p = 0.289). Similarly, when imaging the right kidney, the abdominal displacement without vacuum 

compression was 8.2 mm compared with 6.9 mm with the vacuum compression, which was again not found 

to be statically significant (p = 0.416). Looking at the effect of vacuum compression on individuals, the 

RPM device was able to detect reduction of abdominal motion ranging from 1 mm up to 3.7 mm. One 

outlier showed an increase in abdominal motion of 8.2 mm. A summary of the individual results can be 

seen in Table 14. 
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Table 14. Summary of abdominal surface displacement in the anterior posterior direction with and 

without the abdominal compression 

Participant Sex Kidney Abdominal 

displacement with 

compression (mm) 

Abdominal 

displacement without 

compression (mm) 

Mean 

Difference* 

(95% CI) 

 

p-value 

 

Mean (±SD) Mean (±SD) 

1 Female Left 2.9(±0.37) 5.3(±0.2) -2.4 (-2.7 to -2.1) <0.001 

Right 2.6 (±0.8) 6.2(±1.2) -3.5 (-3.9 to -3.2) <0.001 

2 Female Left Data not available - - 

Right 15.1(±1.6) 6.9(±1.9) 8.2 (7.3 to 9.1) <0.001 

3 Female Left 3.4(±0.8) 6.9(±3.8) -3.5 (-4.6 to -2.5) <0.001 

Right 10.5(±1.7) 13.2(±1.5) -2.7 (-3.5 to -1.9) <0.001 

4 Male Left 3.1(±0.9) 4.1(±1.3) -1 (-1.5 to -0.5) <0.001 

Right 5.3(±2.1) 7.9(±2.7) -2.7 (-3.8 to -1.6) <0.001 

5 Male Left 3.7(±0.4) 3.6(±0.6) 0.1 (-0.2 to 0.5) 0.460 

Right 3.6(±0.6) 4.6(±0.8) -1 (-1.6 to -0.5) 0.001 

6 Male Left 3.4(±0.8) 6.9(±3.8) -3.5 (-4.6 to -2.5)  <0.001 

Right 3.6(±0.5) 6.8(±1.4) -3.2 (-3.6 to -2.8) <0.001 

7 Male Left 8.7(±0.4) 7.7(±1.1) 1 (0.6 to 1.4) <0.001 

Right 8.2(±1.6) 9.2(±1.3) -1 (-1.5 to -0.5) <0.001 

8 Female Left 3.1(±0.9) 4.1(±1.3) -1 (-1.5 to -0.5) <0.001 

Right 5.5(±1.9) 7.9 (±2.7) -2.5 (-3.6 to -1.4) <0.001 

9 Male Left 9.5(±1.5) 10.2(±2.2) -0.7 (-1.4 to 0.2) 0.115 

Right 7.6(±2.1) 11.3(±1.31) -3.7 (-4.5 to -3) <0.001 

Total Left 4.7 (±2.7) 6.1 (±2.3) -1.4 (-4.1 to 1.3) 0.289 

Right 6.9 (±4.0) 8.2 (±2.7) -1.3 (-4.7 to 2.1) 0.416 

*Negative value indicates reduced abdominal motion with vacuum compression; positive value indicates increased abdominal 

motion with vacuum compression. 
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Relationship between Abdominal Motion and Kidney Motion 

Observation of the dual vacuum effect on the left kidneys showed that in four of the eight participants a 

significant reduction in abdominal motion also showed a significant reduction in left kidney motion. For 

the remaining participants, three showed a significant reduction in abdominal motion but no significant 

reduction in kidney motion and one participant showed no change in abdominal motion and kidney motion.  

As to the effect of the vacuum compression on the right kidneys, out of nine participants, six showed a 

significant reduction in abdominal displacement as well as a significant reduction in kidney motion this 

was also observed for one participant had an increase in abdominal motion with a significant increase in 

kidney motion. In two participants a significant reduction in abdominal motion was not associated with a 

significant reduction in kidney motion. Despite these observations, Figure 11 shows that changes in 

abdominal displacement was not correlated with a change in left kidney motion (r =0.345, p = 0.402) or for 

right kidney motion (r =0.527, p = 0.145).  

 

Figure 11. Relationship between kidney motion change and abdominal motion change.  

A negative value indicates an increase and positive value an increase. An outlier (inset) is seen showing increase kidney motion 

associated with increased abdominal motion. 

 

Relationship between Kidney Motion and Vacuum Compression 

Figure 12 shows the relationship between vacuum pressure and kidney motion change. A significant 

correlation was observed (r = 0.70, p = 0.002) indicating that an increase in vacuum compression pressure 

can further decrease kidney motion.  
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Figure 12. Relationship between vacuum pressure and kidney motion change.  

A negative value indicates a reduction and positive indicates increase. 

3.4 Discussion 

In the context of primary kidney SABR, a small number of publications have described a variety of motion 

management techniques including the use of a stereotactic body frame (SBF) to reduce diaphragm 

motion275,276 and 4DCT based planning for gated treatment360. In terms of the usefulness of abdominal 

compression strategies to reduce kidney motion, Heinzerling et al212 demonstrated that using the SBF 

together with the compression plate on a high pressure setting can result in a mean kidney motion of less 

than 5 mm in the superior inferior direction. Other investigators have looked at prone positioning to 

minimise breathing motion, with little effect seen on the reduction of kidney motion331,332.  

In the present study we were able to demonstrate that a dual vacuum system was able to reduce kidney 

motion in a majority of healthy volunteers. Of the nine evaluable volunteers, six demonstrated mean kidney 

motion reduction of between 1.0 mm up to 8.0 mm, two showed no changes and one showed a mean 

increase in kidney motion of 8.2 mm. The effects of abdominal compression causing an increase in target 

motion have previously been demonstrated in the dual vacuum system as well as in the use of the abdominal 

compression plate. Han et al329 showed that among 24 patients undergoing lung SABR treatment, one 

patient had a 27% increase in lung tumor motion when under dual vacuum compression with a mean 

pressure of 94 mbar (range 60 – 100 mbar). This has also been observed in the study by Siva et al383 which 

showed that vacuum compression (ranging between 60 – 80 mbar) increase tumor motion (56%) in one (of 

12) patient undergoing SABR treatment in the lung. Another study by Baba et al377 showed with vacuum 

compression (pressure set at 80 mbar) in a series of 55 tumors (from 53 patients), two showed an increase 

in cranio-caudal motion of greater than 3 mm, 38 tumors showed no change and 15 showed greater than 3 

mm of motion. In the study by Bouilhol et al379 the use of a compression plate showed an increase in lung 
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tumor motion of up to 18% in five (of 27) individuals. These are important observations as the goal of 

abdominal compression equipment is to reduce the internal target volume margin.  

A secondary part of our analysis was to use external surrogate measurements to predict kidney motion 

changes. The Varian RPM device has traditionally been used for 4DCT scanning and gated treatment384 by 

monitoring abdominal wall displacement as a surrogate for breathing motion. In our study we have 

demonstrated that its placement on the abdomen can be used to detect millimeter changes associated with 

vacuum compression. This has two potential benefits, the first being a reassurance during the simulation 

process that the abdominal compression device is dampening breathing motion rather than increasing 

motion. The second benefit is to set the compression device for each patient to a level that will result in a 

specific abdominal motion change. In this study we found no statistical significance in the correlation 

between the change in abdomen displacement and reduction of left and right kidney motion. We believe 

that this may be a limitation based on the small number of participants involved in this study; our previous 

investigation of the correlation between abdominal displacement and kidney motion350 demonstrated a 

stronger correlation existing between right kidney and abdominal wall (r = 0.36, p = 0.004) compared to a 

weaker correlation between left kidney and abdominal wall (r = 0.24, p = 0.056).  Nevertheless, a mean 

reduction of over 5 mm in the kidneys was observed when the vacuum compression was used to reduce the 

abdomen displacement from 22 % to 48 % of its original range. 

In SABR planning, PTV expansion is generally in the order of 5 mm and so an ITV reduction of this amount 

can provide dosimetric advantages. This has been shown in the liver SABR setting by Molinelli et al381 who 

demonstrated that a 5 mm reduction in the superior-inferior direction of the PTV can result in a 20% 

reduction in healthy liver dose as well as facilitate dose escalation. Another means of targeting specific 

kidney reduction is to categorize abdominal pressure into moderate or high-pressure compression. The dual 

vacuum device pressure settings range from 0 (no pressure applied) up to 100 mbar. In our department there 

is no protocol for pre-determined pressure settings as the final pressure applied will depend on the level 

tolerated by individual patients. A motion management protocol that is able to differentiate a high or 

moderate pressure on the patient in order to reduce target motion by a clinically significant amount can be 

useful as patient comfort and setup time can be improved with less pressure applied. While we were able 

to observe a correlation between a larger pressure setting and a larger reduction in kidney motion, any effect 

of pressure levels on individual patients is beyond the scope of this study. This moderated pressure effect 

has been investigated by Heinzerling et al212 who used an abdominal compression plate with two pressure 

settings: moderate and high compression to reduce mean motion of lung and liver tumors by 37.2 % and 

49.2 %, respectively, compared to no compression. The effect on left kidney motion, however, was not 

shown to be statistically significant compared to free breathing and showed a greater reduction of 32.8 % 

at the moderate setting compared to only 16.4 % at a high compression.  

There were a number of limitations in this study including the use of healthy volunteers to investigate 

kidney motion. The effect of large tumors in the kidney and any fixation to abdominal structures is not yet 

known. Similarly, the use of ultrasound imaging to record kidney motion can be subjected to operator bias 
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as baseline shifts will occur if the transducer probe is moved. The customized software used in this study 

was able to calculate the kidney amplitude displacement, taking into account a moving baseline; we have 

assumed that this shifting baseline is due to the operator rather any baseline shifting occurring 

physiologically.  

This study has shown that dual vacuum compression can provide variable benefit towards kidney motion 

reduction. Despite observing no effect as well as an increased effect on kidney motion, we have previously 

demonstrated that dual vacuum immobilization can reduce patient intrafraction motion to be less than 2mm 

(p = <0.001)226 which is important in stereotactic treatment that utilize small margins and treatment 

appointments that can last up to 1 hour. If the purpose of the compression device was to reduce target 

volume motion, we recommend that the use of abdominal compression devices be carefully assessed on 

patients, with consideration as to what kind of effect will occur when pressure is applied to the abdomen. 

Our clinical practice is to use vacuum compression for the purpose of stabilization in thoracic and 

abdominal based stereotactic treatment. Based on this study, close observation and verbal communication 

with patients when determining the optimal pressure setting is advised. The same pressure setting used for 

planning CT and each treatment should be maintained. 

Further studies focusing on the design and use of abdominal compression devices at various degrees of 

compression can become informative in using dual vacuum devices to reduce target motion by a clinically 

specific amount or simply as an immobilization device to limit intrafraction body movement not related to 

breathing.    

3.5 Conclusion 

We were able to demonstrate a reduction in kidney motion using dual vacuum technology in the majority 

of participants however the cumulative data does not show a kidney motion reduction effect when using 

vacuum compression. As a means to reduce target motion the effect of dual vacuum compression can vary 

per individual. This is important as certain patients may demonstrate increased respiratory induced motion 

under vacuum compression, which can preclude the use of compression devices as this will increase internal 

target volume margins. Abdominal surface markers can be used to assess changes caused by the vacuum 

compression device, however in this study abdominal surface motion was not demonstrated as an adequate 

surrogate for kidney motion and should be further investigated before routine clinical implementation into 

the stereotactic kidney radiotherapy workflow. 
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The radiotherapy planning process is used to design a beam arrangement that generates high dose 

conformality to the planning volume while avoiding significant dose to surrounding critical structures. This 

next chapter describes the most common beam geometry used to target left and right kidney cancers. The 

R50 plan quality metric, which describes intermediate-dose conformality, is investigated for any 

relationship with target volume size. The acute toxicity outcome for the first 20 patients treated on a linac 

based SABR protocol will also be presented. This chapter is a copy of the manuscript that was accepted for 

publication316. The only modifications made have been to the figures and tables that are embedded within 

the text and the references which have been moved to the end of the thesis. 
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Abstract 

Purpose/Objective Stereotactic body radiation therapy (SBRT) is a novel treatment approach for the 

management of primary renal cell carcinoma (RCC). We describe our 3D-conformal planning approaches 

and report early toxicities with this technique.  

Methods/Materials This is an analysis of a phase I trial of SBRT for primary inoperable RCC. A dose of 

42Gy/3fx was prescribed to targets ≥5cm, whereas for <5cm 26Gy/1fx was used. All patients underwent a 

planning 4DCT to generate a planning target volume (PTV) from a 5mm isotropic expansion of the internal 

target volume. Planning required a minimum of 8 fields prescribing to the minimum isodose surrounding 

the PTV. Intermediate dose spillage at 50% of the prescription dose (R50%) was measured to describe the 

dose gradient. Early toxicity (<6 months) was scored using the Common Terminology Criteria for Adverse 

Events (v4.0). 

Results From July 2012 - August 2013 a total of 20 patients (median age 77 years) were recruited into a 

prospective clinical trial. Eleven patients underwent fractionated treatment and nine patients a single 

fraction. For PTV targets <100cc the median number of beams used was eight (2 non-coplanar) to achieve 

an average R50% of 3.7. For PTV targets >100c the median beam numbers used was 10 (4 non-coplanar) 

for an average R50% value of 4.3. The R50% was inversely proportional to decreasing PTV volume (r= -

0.62,  p= 0.003) and increasing total beams used (r = -0.51, p = 0.022). Twelve of 20 patients (60%) suffered 

≤grade 2 early toxicity, whilst 8/20 (40%) patients were asymptomatic. Nausea, chest wall pain and fatigue 

were the most common toxicities reported.  

Conclusion A 3D-conformal planning technique of 8-10 beams can be used to deliver a highly tolerable 

stereotactic ablation to primary kidney targets with minimal early toxicities. Ongoing follow-up is currently 

in place to assess long-term toxicities and cancer control.  
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4.1 Introduction 

The gold standard for the management of primary renal cell carcinoma (RCC) has been total nephrectomy, 

or, in suitable cases partial nephrectomy.  The use of external beam radiation therapy has been limited by 

the perceived radioresistance of RCC to conventionally fractionated radiation therapy. Within the last 

decade developments in stereotactic body radiation therapy (SBRT) have allowed for precise delivery of 

very high dose per fraction treatments. In the context of RCC, SBRT can provide two- year local control 

ranging from 84%-100%324. This can be achieved using linear accelerator-based SBRT treatments with 

additional tools such as direct soft tissue pretreatment imaging, immobilization and motion management 

(4D CT or compression devices). For a robust stereotactic program these are minimum requirements that 

have been stipulated by a number of consensus guidelines160,226,385. Whilst stereotactic dosimetric 

benchmarks have been published386, this guide was developed for lung targets which may not be directly 

applicable due to small lesion sizes and targets being typically located a distance away from serially 

arranged organs at risk (such as spinal canal, small bowel). As such it is important to investigate and review 

stereotactic planning dosimetry criteria for larger targets in the abdominal body site.   

In this paper we present our initial planning experience of patients recruited into a phase 1 study of SBRT 

for primary RCC. This is an interim analysis of the study based on the recruitment made within the first 

year of the trial opening. Our aim was to analyse the characteristics of 3D-conformal planning approach 

for the first 20 patients with emphasis on relationship between size of target volume, beam numbers used 

and intermediate dose indices. The dose to organs at risk will also be reported as well as the early toxicity 

observed among the patients during follow up.  

4.2 Methodology 

Patient Recruitment  

Patients enrolled into an ethics approved pilot study for primary RCC (FASTRACK ClinicalTrials.gov ID 

NCT01676428) were included in this study. This is a phase 1 study investigating the feasibility and safety 

of treatment of primary renal cell carcinoma using SBRT on a conventional linear accelerator. For gross 

tumour volumes (GTV) of 5cm or greater in maximal diameter a dose of 42Gy was prescribed in three 

fractions. For a GTV of less than 5cm in maximal diameter a radiosurgery dose of 26Gy in one fraction 

was prescribed. All patients underwent a 4D CT scan on a Brilliance 16 slice CT scanner (Philips Medical 

System, Netherlands) using the Philips bellows to reconstruct the data into 3mm slices that was were binned 

into 10 phases of breathing. Patients were placed supine in a dual vacuum stabilisation system (BodyFIXTM; 

Elekta Medical Intelligence, Stockholm, Sweden.). An average pressure of 72 mbar (50 – 100) was used to 

immobilize patients using both the thoracic and pelvic setup. The averaged CT dataset was reconstructed 

into a 3mm slice dataset that was imported into Eclipse (v11.03) (Varian Medical System, Palo Alto, USA) 

for contouring and dose calculation. The maximum inspiration and expiration, and maximum intensity 

projection datasets were used to define the internal target volume (ITV) with a 5mm isotropic planning 



 80 

target volume (PTV) margin applied to the ITV. All patients were planned on an Eclipse v11.03 workstation 

using the analytical anisotropic algorithm (AAA; v 11.03) for the final dose calculation.  

Planning Objectives 

A minimum number of eight fields was part of the planning guidelines using a mixture of 6 and 18MV 

beams. For each field, the multi-leaf collimators (Millenium 120 MLC; Varian Palo Alto) were assigned to 

close outside of the PTV with 0 - 1mm margin to achieve rapid dose fall-off by prescribing to a lower 

isodose line (generally between 75 – 85%). The planning objective was for 99% of the PTV to receive the 

full prescription dose.   

Treatment Time 

The treatment time was taken from MOSAIQTM record and verification system (Sunnyvale, CA) and was 

based on the time taken to deliver all fields as well as to perform pre, mid and post treatment CBCT imaging. 

The setup time was not included. All beams were delivered with a dose rate of 600MU/min on a Varian 

Trilogy Linear accelerator.  

Conformity Indices Calculation 

PTV conformity index (R100%) and intermediate dose spillage (R50%) was calculated by converting 

isodose values into contours to generate dose cloud volumes using the treatment planning system inbuilt 

functions. The dose clouds used in this study were measured twice for each patient using two different dose 

calculation algorithms; the AAA (Type B algorithm) as well as the pencil beam convolution algorithm 

(PBC; v11.03; Type A algorithm). Compared to the PBC algorithm, the AAA has a superior ability to 

model lateral electron scatter and it was of interest to investigate any differences in intermediate dose 

volume. To evaluate the conformity of the prescription dose to the target, an R100% value was calculated 

by deriving the ratio of the volume of the prescription dose relative to the PTV volume. This was repeated 

to evaluate the spillage of the intermediate dose (R50%) by measuring the volume of the 50% isodose line 

relative to the PTV volume. The R100% and R50% value were  calculated using the RTOG definition 160 

  R100% = (volume of 100% prescription dose)/(PTV Volume) 

R50% = (volume of 50% prescription dose)/(PTV Volume) 

Toxicity assessment 

The toxicity assessment data from patient clinic reviews at one month, three months and six months post 

treatment were used to assess early treatment side effects. The assessment template used was the 

Terminology Criteria for Adverse Events v4.0 (CTCAE) and the greatest early toxicity change from 

baseline assessment was used to indicate any treatment related side effects.  
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4.3 Results 

From July 2012 to August 2013 a total of 20 patients with primary RCC were enrolled into the FASTRACK 

study. No patients were excluded due to target proximity to small bowel/ renal pelvis or collecting system. 

The characteristics of this group of patients are described in Table 15.  

Table 15. Patient Characteristics (Total N = 20) 

 

Characteristic 

 

Value 

Age  

     Median (range) 77 years (41 – 91)  

 

Site  

     Left Kidney 10 

     Right Kidney 10 

Sex  

     Male 15 

     Female 5  

Dose Prescription  

     42Gy in 3 fractions 9 

     26Gy in 1 fraction 11 

PTV Length (Volume cm3)  

     3 – 5 cm (22.7 – 52.1) 5 

     5 – 7 cm (62.3 – 116.7) 7 

     7.1 – 9 cm (164.2 – 222.5) 8 
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All patients received treatment planned as per the intention to treat, with Table 16 showing a summary of 

the planned target and volume constraints as well as the achieved median (range) of dose to the target 

volumes and organs at risk.  

Table 16. Dose constraints used for planning in both single and fractionated prescription and the 

resultant dosimetry for all patients (N = 20) 

 

 26Gy in 1Fx 

 

42Gy in 3Fx 

Organ Planned Limit Achieved Median 

(Range)  

 (Gy) 

Planned Limit Achieved  

Median (range) Gy) 

PTV D99 = 26Gy 27.5 (26 – 28.1) D99 = 42Gy 41. (32 – 45.4) 

 

ITV 

 

Min 30.1 (28 – 34.8) Min  42.8 (32.3 – 50.6) 

Max 34.1 (33 – 38.8) Max 56.6 (50.6 – 60.7) 

Spinal Canal 12 Gy point dose* 8.1 (3.9 – 9.3) 18Gy point dose 16.3 (7.9 – 17.8) 

Skin (5mm 

subcutaneous) 

18Gy (max dose) 11.4 (9.5 – 13) 24Gy 23.5 (18.2 – 27.1) 

 

Small bowel 

30cc < 12.5Gy   11.2 (7.9 – 17.8) D0.035cc < 30Gy   25.3 (14.4 – 29.9) 

30cc ≤12.5Gy  6.5 (0.4 – 9.3) No constraint, report 

D30cc  

14.3 (8.9 – 17.9) 

Stomach - 0.5 (0.1 – 9.0) <30Gy 10.4 (0.6 – 21.0) 

Liver 700cc ≤ 15Gy 0.1 (0 – 0.3) 700cc ≤ 15Gy 0.6 (0.4 – 13.66) 

Large bowel (No 

constraint, for 

reporting only) 

10cc  9.6 (1.1 – 13.1) 10cc  21.5 (11.6 – 38.7)  

1cc  12.6 (8.4 – 18.6) 1cc  27.5 (13 – 45.3) 

0.035cc 13.9 (8.8 – 24.6) 0.035cc 31.6 (13.2 – 50.9) 

 

 

 

 

 

 

Dose to Specific 

Volume 

 

Median Dose (Gy) 

(Range; No. of Patients) 

 

Dose to Specific 

Volume 

 

Median Dose (Gy) (Range; No. 

of Patients)  

  

D10cc > 12.5Gy 

 

13.1 (n = 1) 

 

D10cc > 30Gy 

 

38.7 (n = 1) 
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Specific dose to 

large bowel 

exceeding 30Gy (in 

3fx) or 12.5Gy (in 1 

fx) 

 

D1cc > 12.5Gy 

 

14.4 (12.6 – 18.6; n = 6) D1cc > 30Gy 38.9 (33 – 45.3; n = 3) 

D0.035cc>12.5Gy 

  

16.5 (13.1 – 24.6; n = 7) D0.035cc> 30Gy 32.7 (31.5 – 50.9; n = 7) 

*Point dose as reported by Eclipse TPS which is the dose to 10-6 cubic centimetres. 

All patients were able to complete planning and treatment with no deviations from the protocol mandated 

prescription dose. For the entire group the median beam number employed was nine (range 6 – 13). A 

summary of the typical coplanar and non-coplanar beam angles used for left and right sided kidney targets 

are shown in Figure 13.  
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Figure 13. Typical beam arrangements used for 3DCRT planning.  

Panels a) and b) shows a circular histogram distribution of frequency of coplanar beam angles used. With bowel located anteriorly, 

posterior and contralateral oblique fields are commonly used to avoid these critical structures. Panels c) and d) shows a 3D 

‘stereonet’ distribution of the non-coplanar beam angles used. The distribution for left kidney targets shows a favouring of 

superior/ipsilateral oblique fields to avoid more medially located bowel. For right kidney targets inferiorly located non coplanar 

angles are commonly used to avoid healthy liver and bowel. 

 

The median PTV volume for single fraction targets was 52.5cc with a median of six (range 8 – 9) coplanar 

and two (range 0-3) non coplanar angles used. For multi-fraction targets the median PTV volume was 

171.9cc with a median of six (range 8 -13) coplanar and four (range 2 - 9) non coplanar angles used. As the 

PTV volume increases a significant trend to increase the total number of beams was observed (r = 0.61, p 
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= 0.004). This increase is largely driven by the extra number of non-coplanar fields required (r = 0.48, p = 

0.03). 

Treatment Time 

All patients successfully completed treatment. The median time to image and deliver all fields was 44min 

(interquartile range 42min to 52min 30sec) for fractionated treatment and 48min (interquartile range 41min 

to 51min 30sec) for single fraction treatment. Of this time the median time spent on the image guidance 

component (assessment of breathing motion and target localisation) was 24min and 30secs (interquartile 

range 22 to 28 minutes). 

Conformity Indices 

The mean conformity of the prescribed dose (R100%) to the PTV was 1.22 (range 0.98 – 1.35) and 1.25 

(range 1.1 – 1.38) calculated using the PBC and the AAA algorithm respectively. There was no statistically 

significant difference between the values calculated (p = 0.231). 

Target volume size, number of beams used and the R50% volume showed significant association during 

the planning. Figure 14 shows that as the number of beams increase, the volume of the intermediate dose 

trends towards reduction (r = - 0.51, p = 0.022).  

 

 

Figure 14. Relationship between the total number of beams used and ratio of the intermediate dose 

(R50%).  

A significant correlation existed: r = - 0.51, p = 0.022 showing that a larger number of non-opposing fields 

will maximise dose fall-off beyond the PTV target. 

Figure 15 shows the intermediate dose spillage achieved for the 20 patients using both AAA and PBC 

calculations.  
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Figure 15. Relationship between the size of the intermediate dose (R50%) relative to size of PTV 

volume.  

The R50% values for the first 20 FASTRACK patients have been calculated using an Analytical Anisotropic Algorithm (Type B) 

and a Pencil Beam Convolution (Type A) algorithm. A significant trend was observed for the size of the R50% value and for a 

Type B algorithm (r= -0.62, p = 0.003) as well for a Type A algorithm (r = -0.54, p = 0.014). 

 

There was a significant trend for the R50% value to decrease with increasing PTV size (AAA: r = -0.62, p 

= 0.003; PBC: r = -0.54, p = 0.014). The mean R50% value calculated by AAA was 4.04 compared to 3.99 

by PBC showing no significant difference (p = 0.24). In order to summarise our data a comparison of the 

R50% value between fractionated (large targets, >100cc) and single fractions plans (small targets < 100cc) 

was made. For targets over 100cc in size the mean R50% value was 3.7 (±0.5), whereas for targets <100cc 

it was 4.3 (±0.4). These values were found to be significantly different (p = 0.03) 

Early Toxicity  

Within the six-month assessment period, 12 of 20 patients (60%) reported treatment side effects of Grade 

1-2 intensity. The remaining patients did not report any treatment related problems. In the single fraction 

group, fatigue (in 7 of 11 patients, 73%) was the most commonly symptom reported, after which dermatitis, 

chest wall pain and nausea followed. In the multi-fraction group, fatigue and chest wall pain were most 

commonly reported (in 5 of 9 patients, 56%). No grade 3 or 4 toxicities were reported during the follow up 

period. A breakdown of the reported toxicities is summarised on Table 17.  

Table 17. Toxicity grade within six months of treatment completion for fractionated and single 

fraction prescriptions (Total N = 20).  

 

Total Prescribed Dose of 26Gy in 1 fraction 
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Pt  Dyspnoea Nausea Diarrhoea Gastritis 

Chest Wall 

Pain Fatigue Dermatitis Hematuria Asymptomatic 

1         1 

2 1 2    2 2   

3     1 1    

4  1 1   1 1   

5       1   

6      1    

7         1 

8     1     

9  2   1 1    

10         1 

11         1 

Total 

pt 

No. 1 3 1 -  3 5 4  - 4 

          

          

Total Prescribed Dose of 42Gy in 3 fractions 

 Dyspnoea Nausea Diarrhoea Gastritis 

Chest Wall 

Pain Fatigue Dermatitis Hematuria Asymptomatic 

12     1 2    

13      1    

14     1     

15  1  2 1 2 2   

16         1 

17         1 

18  1   1 1    

19         1 

20         1 

Total 

Pt. 

No.  -  2 -  1 4 4 1 -  4 

In total, 12/20 patients suffered toxicity from treatment 
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At baseline assessment, four patients were identified with hematuria ranging between Grade 1 up to Grade 

3. At six months post treatment, the patient with Grade 3 baseline hematuria reported Grade 1 hematuria, 

the two patients with Grade 1 hematuria showed bleeding resolution and the patient with Grade 2 hematuria 

showed no change in symptoms. No patient had changes in anti-hypertensive drugs or developed 

hypertension at the time of reporting.  

4.4 Discussion 

An analysis of novel treatment techniques is an important component for a comprehensive quality assurance 

program. As part of our stereotactic service, we reviewed the planning technique for the first 20 patients 

recruited into this trial. The first objective in the review was to analyse intermediate dose fall-off. Several 

publications have examined optimal beam arrangements to achieve rapid dose fall off387-389 which is a 

feature that differentiates SBRT planning from the conventional fractionated treatment techniques. While 

our group of patients is inadequately powered to create class solutions as had been done for other clinical 

sites390 we felt that it was important to evaluate the technique for any trends and to develop planning guides. 

SBRT protocols tend to describe the minimum number of beams to be used; however, there is little evidence 

to suggest the optimal number of beams and the possible benefits when using more beams. In our study we 

found that with larger volumes more beams were used to achieve rapid dose fall-off. This is an important 

parameter in SBRT treatment for lung normal tissue as low dose can contribute to pulmonary 

dysfunction391. For stereotactic treatment in the liver this is also an important parameter as reduction of the 

dose to the liver will reduce the risk of radiation-induced liver disease392,393. For treatment of renal cancer, 

the consequences of rapid or slow intermediate dose fall have yet to be reported. Plan assessment goals 

such as intermediate dose spillage therefore can be used to produce high quality treatment plans. One of 

the earlier co-operative clinical trials that imposed planning requirements was the North American 

Radiation Therapy Oncology Group RTOG 0236 trial for medically inoperable non-small cell lung cancer. 

As part of planning quality index, intermediate and high dose conformity indices were used to evaluate 

dose fall off386. A table with expected range of conformity indices against PTV volumes was used. 

However, there were limitations with these guidelines as treatment plans were submitted with no 

inhomogeneity corrections. These older guidelines need to be implemented with caution as modern day 

planning systems will have heterogeneity corrections in place for more accurate dose calculations. 

Recalculation of the dosimetry with heterogeneity correction in place can show a larger expected value in 

the R50% conformity index as reported by Xiao et al394 who reassessed the dosimetry on a select group of 

participants from the RTOG 0236 trial. These expected conformity indices can again be quite different as 

shown by the quality assurance working party report behind the European co-operative Phase III 

stereotactic lung trial for operable lung cancer patients. In this report Hurkman et al395 showed that under 

heterogenous conditions, the plan optimisation process can lead to even larger expected intermediate dose 

spillage The contribution of scatter modelling was highlighted by Hurkman whom was able to show that 

with smaller target volumes the volume of intermediate dose spill can deviate as much as 30% between 

treatment planning system algorithms. Our comparison between a Type A and Type B (superior electron 
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scatter modelling) algorithm did not show a significant difference in the 50% dose conformity index which 

will be due to the relatively homogeneous tissue in the abdomen. Despite this our range of values is still 

comparatively larger than the reported values from the RTOG 0236 trial which assumes tissue unit density. 

This could be explained by several factors including: 

1) Location of the target area. Surrounded by serial organs such as the bowel, stomach and spinal 

cord, there is a need to distribute the intermediate/high dose away from these structures thus leading 

to a reduced ability to maintain a wide hinge angle between fields 

2) Our dose prescription requirements of 99% of the volume to receive at least 100% of the dose. 

Optimisation to achieve this level of coverage in heterogenous conditions will require more dose 

input in the target area.  

From this study we would recommend for kidney PTV less than 100cc the use of 6 coplanar and 2 non co-

planar angles to achieve 50% conformity index of less than 5. For PTV over 100cc, 6 coplanar and 4 non 

co-planar angles can achieve 50% of less than 4.  

In future SBRT clinical trials, benchmarking standards such as conformity indices can be set in place to 

ensure plans of comparable dosimetry. Both abdominal and lung targets will require different standards due 

to the nature of the treatment region. Primary RCC poses specific planning challenges which mean that 

suggested lung conformity guidelines cannot be directly extrapolated. Several factors will contribute to this 

difference including the lower lung density treatment region which will lend to larger conformity indices 

per unit volume compared to abdominal targets where there is more dense tissue and hence less scatter 

distance.  Target volume size, target clinical site, and planning system used are parameters that will 

influence the expected R50% value.      

Improvement of our kidney SBRT program is an ongoing process as we await long term toxicity data. Our 

findings of early toxicity within the first six months are not dissimilar to findings in the literature. Beitler 

et al275  observed three of nine patients with some form of early toxicity (nausea, vomiting) relating to 

SBRT treatment of the kidneys. Wersall et al276 reported that 23/58 (39%) patients reported a treatment 

related side effect. This study, however, was not limited to primary kidney targets but also to metastatic 

sites in abdominal and thoracic organs. The most common side effects observed were nausea, pain and 

coughing. Nomiya et al280 reported on the use of carbon ion technology for irradiation of primary kidney 

targets for 10 patients. Apart from a single incidence of late grade 4 skin toxicity, they authors did not 

observe any early toxicity > Grade 2 based on their technique. Svedman et al279 also reported minor Grade 

1- 2 toxicity of transient nausea, fatigue and local pain in four of seven (57%) patients.  

The largest planning challenge we have found is from the presence of highly mobile bowel (small and 

large). Our protocol has pre-defined limits on dose to small bowel. However, at present have no specific 

constraint for large bowel, as there is limited robust evidence to suggest a dose constraint for ascending and 

descending colon. Expert consensus guidelines have previously defined similar constraints to that of small 

bowel, with a three fraction dose constraint in the order of 30Gy160,396,397. From this study we have reported 
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the irradiated dose to large bowel at various volumes which have used dose levels modelled after small 

bowel constraints (Table 16). Our technique has in general taken a conservative stance to unnecessarily 

irradiating the large bowel, however, in some scenarios, this has not always been possible. While our data 

suggests that there may be greater tolerance of the large bowel to radiation dose compared to small bowel, 

this is still an area that warrants further investigation.  

4.5 Conclusion 

Our analysis of planning approaches of 20 SBRT kidney treatments using a 3D conformal treatment, has 

shown that 8-10 planar and non-coplanar fields will provide intermediate dose spillage unique from that of 

the lung setting. Our values have shown no toxicity for seven patients, and in the remaining minimal toxicity 

no greater than Grade 2 within the first 6 months after treatment. Ongoing follow up is necessary to assess 

long term toxicities within this group of patients.   
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As the planning process uses small planning margins, steep dose gradients and extremely heterogeneous 

dose distributions, the room for error on treatment is very small. Direct visualisation of the target and 

verification of the planning margins is therefore critical to the success of SABR treatment. This final chapter 

shows the use of CBCT imaging to verify inter and intrafraction variation of the target and as well, the 

ability to verify planning ITV margins on treatment. This chapter is a copy of the manuscript that was 

accepted for publication373. The only modifications made have been to the figures and tables that are 

embedded within the text and the references which have been moved to the end of the thesis. 
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Abstract  

Purpose: Stereotactic ablative body radiotherapy for primary kidney cancer treatment relies on motion 

management that can quantify both the trajectory of kidney motion and stabilize the patient. A prospective 

ethics-approved clinical trial of stereotactic treatment to primary kidney targets was conducted at our 

institution. Our aim was to report on specific kidney tumour motion and the inter/intra fraction motion as 

seen on treatment.  

Methods and Materials: Patients with tumor size less than 5cm received a dose of 26Gy in one fraction and 

those with tumor size greater or equal to 5cm received 42Gy in three fractions. All patients underwent a 

4DCT planning scan, immobilized in a dual vacuum system. A conventional linear accelerator cone beam 

CT was used for pre, mid and post treatment imaging to verify target position.  

Results: From July 2012 to October 2014 a total of 33 targets from 32 consecutive patients (24 males/8 

females) were treated. Seventeen targets were prescribed 26Gy/1fx and the remaining 16 targets received 

42Gy/3fx. Kidney motion at each of the poles was not affected by the presence of tumour (p = 0.875) nor 

was the motion statistically different from the corresponding contralateral kidney pole (p=0.909). The mean 

3D displacement of the target at mid and post treatment was 1.3mm (SD± 1.6) and 1.0mm (SD±1.3) 

respectively. The maximum displacement in any direction for 95% of the fractions at mid and post treatment 

was 3mm or less.  

Conclusion: In summary, stereotactic ablative body radiotherapy of primary kidney targets can be 

accurately delivered on a conventional linear accelerator with protocol that has minimal intra-fractional 

target motion. 
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5.1 Introduction 

A difficulty in the delivery of stereotactic ablative body radiotherapy (SABR) for primary kidney targets is 

respiration associated organ motion. Kidney motion in the superior inferior direction can vary from less 

than 5 mm up to 70 mm depending on shallow or deep breathing conditions318 .  Even free breathing 

situations can be associated with a wide range of motion anywhere between 4.5 mm to 13 mm318. Published 

kidney treatments in the SABR setting have reported the use of 3D CT planning with population based 

PTV expansions to account for motion275,276,280 or the measurement of fiducial markers to verify motion 

and position278. In these studies, tumor local control has been reported to be up to 100% at 2 years. With 

availability of modern, motion management equipment, new areas are under investigation (i.e. breath 

hold)299. The use of 4D CT for Internal Target Volume (ITV) margin generation relies on the replication of 

patients’ breathing range at each session. The verification of breathing motion can be achieved through 

fluoroscopic imaging, 4D CBCT or dynamic MRI202,398,399.  

In this study we investigated protocol feasibility for the delivery of stereotactic radiotherapy to primary 

kidney cancers on a conventional linear accelerator equipped with 3D volumetric imaging.  Our aim was 

to develop a process that can inform future image guidance protocols in this stereotactic setting. For this 

study, our primary objectives were to 1) describe kidney motion and determine any relationship with 

affected and unaffected kidneys 2) assess inter- and intrafraction kidney motion at treatment using a dual 

vacuum immobilisation system for daily treatment and 3) to investigate tools to assess on-line the variation 

of breathing changes on a per fraction basis. Furthermore, as a secondary objective, we wanted to 

investigate any relationship between kidney motion and diaphragm motion in order to inform gating 

protocols. 

5.2 Method 

Patients recruited into an ethics approved single centre prospective observational study of patients with 

primary kidney renal cell carcinoma treated with extra cranial stereotactic treatment were selected for 

analysis. Patients were eligible if deemed inoperable or declining surgical treatment. Tumors greater or 

equal to 5cm in maximum diameter were prescribed a dose of 42 Gy in 3 Fractions (14 Gy per fraction) 

and tumors less than 5 cm, 26 Gy in 1 fraction. The prescription chosen are based on biological dose 

modelling that indicate RCC may be inherently radioresistant to conventional dose fractionations. Using 

the linear quadratic model400 radiosensitivity of RCC have been observed in laboratory to vary with α/β 

values estimated to be 2.6 Gy or 6.9 Gy depending on the cell lines401. The biologically equivalent doses 

(BED) in 2 Gy fractions for α/β = 6.9 Gy is 123 Gy and 127 Gy for the prescription of 26 G/1 fx and 42 Gy 

/3 fxs respectively. For the higher α/β = 2.6 Gy, the BED in 2 Gy fractions is 286 Gy and 268 Gy for the 

prescriptions 26 G/1 fx and 42 Gy /3 fx respectively. Patients were required to provide informed consent 

for study treatment.  
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Simulation/Planning 

Patients were positioned supine with their arms above their head and a dual vacuum immobilization system 

(BodyFIX, Elekta Stockholm, Sweden) was used to minimise kidney motion and stabilize the patient. We 

have previously demonstrated that there is a potential to minimise kidney motion in the majority of patients 

364 using this vacuum immobilization.  This technique uses a plastic drape that is fitted over the patient’s 

body. A vacuum pump is used to evacuate the air underneath to create a seal immobilizing the patient. The 

pressure can be raised to a threshold that can cause reduction to the depth of breathing. Each patient 

underwent a helical 4D time-resolved CT scan (Brilliance Big Bore, Philips, Cleveland, USA) with CT 

datasets retrospectively binned into 10 breathing phases. All scans were performed in free breathing with 

no specific instructions for breathing.  

We have previously described our treatment planning process316. In brief, the averaged 3D dataset and the 

maximum intensity projection, maximum exhale (generally 50 – 60%) and maximum inhale breathing 

dataset were imported into a treatment planning system (Eclipse Varian, Palo Alto, USA) for organs at risk 

and target volume marking. The ITV was delineated on the MIP (Maximum intensity projection) and the 

contour used on the average CT data set using the maximum intensity projection and maximum 

expiration/inspiration data sets assess the motion range of the gross tumor volume. A 5 mm isotropic margin 

from the ITV was used to generate the PTV. A 3D conformal plan was generated using between 7-11 

coplanar and non-coplanar beam directions with 6 MV or 18 MV x-rays where appropriate. In order to 

achieve a rapid dose fall off, 0 to 2 mm MLC margins were used around the PTV with the prescribed dose 

normalised to the surrounding isodose line (75% - 85%) that covered 99% of the PTV target volume.  

ITV Margin Verification 

Treatment was delivered on a linear accelerator with 3D volumetric imaging capabilities (Varian On Board 

Imager v1.4, Palo Alto, USA). Pre treatment verification required an orthogonal kV pair of images to 

localize the patient’s position using bony anatomy. Following this, a cone beam CT (CBCT) was performed 

at the level of the diaphragm to quantify the right diaphragm motion range by measuring the width of the 

probability density function (PDF), as described by our group previously402 as well as by Guckenberger et 

al272. To summarize, a line profile tool that graphically displays the CT Hounsfield unit variation along the 

drawn line is used to display changes in lung density. The blurred region over the diaphragm is displayed 

as a gradient as the pixel varies across from the liver to the lung interface. Due to the limitations of the 

CBCT field-of-view (16cm length) a second CBCT was performed at the level of kidney for target 

matching. To perform the target match, the kidney from the maximum expiration and maximum inspiration 

dataset were outlined.  

Measurement of Kidney and Diaphragm Motion at Planning CT 

The ten breathing phases (0 - 90%) derived from the planning CT were imported into a contouring program 

(MIM SoftwareTM v 6.5, Cleveland, USA) for the left and right kidney contours to be automatically 
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propagated across each breathing phase. For the reporting of organ motion, the kidney was divided into 

equal thirds. The most superior point of the kidney represented motion of the superior pole, the centroid 

co-ordinate of the kidney represented the mid pole and most inferior point as the inferior pole. Using these 

three reference points the maximum cranio-caudal motion could be calculated for the superior, inferior and 

mid pole of the left and right kidney. This measurement does not consider any rotation that may occur in 

the kidney. To measure right diaphragm motion, the most superior location of the diaphragm at each 

breathing phase was also recorded.  

Kidney Motion at Treatment 

CBCT imaging was used to localise the target position at treatment. All CBCT matches were performed 

after localisation to the bony anatomy in the surrounding target region (i.e. spinal vertebrae, ribs). The shift 

that was required to match the structure to the imaged soft tissue kidney volume was recorded in the 

anterior/posterior (AP), medial-lateral (ML) and superior-inferior (SI) direction. This data, captured on our 

record and verification system (MOSAIQ 2.4, Elekta Stockholm), was retrieved for further analysis. To 

quantify total displacement, the 3D vector (square root of the sum of the squares of the shift) in the 

AP/ML/SI direction was calculated. All pre treatment and mid treatment images were reviewed online with 

an action threshold of 0mm. All post treatment images were reviewed offline.   

Data Analysis 

Mean differences in motion between each individual pair of kidney poles were tested using paired t-tests. 

Kidney poles presenting with a tumor were compared to the respective contralateral kidney pole without a 

tumor. Finally, the motion from kidney poles with a tumor greater or larger than 5cm were compared to 

those with tumor smaller than 5cm. Spearman correlation (r.) was used to assess the relationship between 

magnitude of change to breathing motion and displacement of the kidney target. For all analysis a p-value 

of < 0.05 was considered statistically significant. All tests were performed using SPSS 21 (IBM; Chicago, 

IL, USA).  

5.3 Results 

From April 2012 to October 2014, a total of 33 kidney targets from 32 patients were treated according to 

study protocol. The demographic characteristics of the patients are outlined in Table 18.  

Table 18. Summary of patient demographics (n = 32) 

Characteristic Value 

Age  

     Median 

     Range 

77 years 

41 – 91 years 
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Sex  

     Male 

     Female 

24 (75%) 

8 (25%) 

Prescription  

     42Gy in 3 fractions 

     Average Size* (range) 

16 (48%) 

59.1mm (45 – 75) 

     26Gy in 1 fraction 

     Average Size* (range) 

17 (52%) 

38.8mm (21 -53) 

* size = maximum dimension of tumor 

 

Due to limited research licensing availability with MIM SoftwareTM, analysis of total kidney motion was 

only performed on the first consecutive 20 patients. Motion was assessed in both kidneys on 20 consecutive 

patients except for one patient with single kidney due to a previous nephrectomy of the right kidney.   

Right and Left Kidney Motion as Measured using 4D Planning CT 

Figure 16 shows the mean and standard deviation of kidney motion at each individual kidney pole.   

 

 

Figure 16. Summary of superior inferior mean kidney motion (standard deviation).  

Measured on the 4D CT dataset taken from three areas of measurement: superior kidney pole, inferior kidney pole and central 

kidney.  
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For the right kidney, the mean difference in cranial-caudal motion between the superior and mid pole was 

3.0mm (95% CI: 0.7 to 5.2mm; p = 0.011) and between the superior and inferior pole was 2.5mm (95% CI: 

0.8 to 4.1mm; p = 0.005). The mean difference between the mid and inferior pole was -0.5mm (95% CI: -

2.0 to 0.9mm; p = 0.471). In the left kidney, the superior pole showed a mean difference of 1.2mm against 

the mid (95% CI: -0.8 to 3.3mm; p = 0.219) and 0.9mm against the inferior poles (95% CI: -1.1 to 2.9mm; 

p = 0.367). Between the mid and inferior poles, the mean difference was -0.3mm (95% CI: -2.2 to 1.5mm; 

p = 0.703). Between the right and left kidneys, the difference in motion of the superior poles was 1.6mm 

(95% CI: -1.5 to 4.7mm; p = 0.299), the mid poles -0.2 (95% CI: -1.9 to 1.6mm; p = 0.807) and inferior 

poles 0.3mm (95% CI: -1.7 to 2.4mm; p = 0.714).   

Kidney Motion in the Presence of Tumor 

Among these 20 patients, there were a total of three (15%) superior pole, 10 (50%) mid pole and seven 

(35%) inferior pole tumors. For all cases the mean motion of the poles with a tumor present was 5.7mm 

compared to its corresponding contralateral pole which was 5.8mm (p = 0.909).  The mean motion of the 

kidney poles with a large tumor (≥5cm) was 5.8mm compared to 5.6mm for poles with smaller tumors 

(<5cm), a difference of 0.2mm which was not statistically significant (95% CI: -2.8 to 3.2mm; p = 0.875).  

Kidney Motion and Right Diaphragm Motion 

The relationship between diaphragm motion and kidney motion was assessed by first measuring the amount 

of organ displacement from a breathing phase to the following phase i.e. 0 to 10%, 10 to 20% etc. Figure 

17A and 17B is a graphical display of the displacement of the right and left kidney relative to the right 

diaphragm when transitioning from one breathing phase to the next (where 0% is generally maximum inhale 

and 50% maximum exhale).  

 

 

Figure 17. Displacement of the right (A) and left (B) kidney against displacement of right diaphragm 

per breathing phase (from 0 - 90%) 
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Around the exhalation phases 40-50, 50-60 and 60-70%, minimal motion (0 to 2mm) was seen for 19/19 

(100%) of all right kidneys and 19/20 (95%) of left kidneys. This is in comparison to the inhalation phases 

90-0%, 0-10%, 10-20% whereby 15/19 (74%) of right kidneys and 16 /20 (80%) of left kidneys achieved 

minimal motion (0 to 2mm). Medium kidney displacement (between 3 – 5 mm) was predominantly at the 

20% breathing phase. The largest motion of over 5mm was usually seen at the 80-90% breathing phase. 

Similar to the kidney motion, the right diaphragm showed the least motion (0 to 2mm) predominantly at 

the 50-60% breathing phase for a majority of patients (16/20).  

Interfraction/Intrafraction Motion as Observed at Treatment 

A total of 65 pre-treatment and mid-treatment CBCT images were acquired for target verification. Post-

treatment CBCT were not imaged for two patients leaving 63 available images for analysis. The mean 

(standard deviation) shift was recorded for the SI/ML/AP and from this the 3D displacement was calculated 

(Table 19).  

Table 19. Mean (standard deviation) of localization shifts to the target kidney. 

 Superior/inferior 

(mm) 

Medial/lateral 

(mm) 

Anterior/posterior 

(mm) 

3D Displacement 

(mm) 

Pre treatment -0.2 (±4.1) 0.7 (±2.2) -0.1 (±3.4) 4.7 (±3.3) 

Mid treatment 0.0 (±1.5) 0.1 (±1.0) 0.0 (±1.0) 1.3 (±1.6) 

Post treatment -0.3 (±2.4) 0.1 (±0.8) 0.2 (±0.9) 1.0 (±2.5) 

 

Figure 18 is a summary of the magnitude of displacement in each individual direction. The intrafraction 

motion for 95% of fractions at mid and post-treatment was 2mm or less for all directions except cranial-

caudal which was 3mm or less. Inter-fractional variation of the kidney from planning showed that the 

difference for 95% of fractions was between 4 to 7mm.  
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Figure 18. Frequency histogram showing the pre/mid and post treatment displacement of the kidney 

target.  

Superior/inferior (A), medial/lateral (B) and anterior/posterior (C) direction. 
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Changes in Diaphragm Motion and 3D Target Motion 

The average width of the probability density function of the right diaphragm measured at planning CT was 

18 mm (std. dev. ± 7). The mean difference at fraction one showed a PDF width of -0.3mm (95% CI: -1.8 

to 1.3mm; p = 0.758); at fraction two, the mean difference was 1.5 mm (95%CI:  -1.4 to 4.4mm; p = 0.290); 

and for fraction three, -1mm (95% CI: -3.2 to 1.0mm; p = 0.308). On one occasion was breathing motion 

different by 23mm. For this patient, planning simulation recorded motion of 39mm and at mock up, the 

value was found to be at 16mm. This was found to be a misunderstanding of breathing instructions given 

and has been described in further detail elsewhere403. 

The median mid treatment CBCT time taken from pre treatment imaging was 30min (interquartile range: 

25min – 35min). The median post treatment CBCT time from pre treatment imaging was 44min 30sec 

(interquartile range: 40min – 51min 15sec). Relative to the planning position, the mean 3D displacement 

of the target at mid treatment CBCT was 1.2mm (STD ± 1.6mm) compared to 2.1mm (± 2.7mm) at post 

treatment (p = 0.003). Pre treatment changes in breathing motion, showed a significant relationship with 

mid treatment 3D displacement (rs = 0.278, p = 0.025) and post treatment 3D displacement (rs = 0.363, p = 

0.003). 

5.4 Discussion 

In this paper we have shown the feasibility of a free breathing motion management protocol for kidney 

stereotactic ablative body radiotherapy. We have also described and evaluated kidney motion making this 

a unique report on kidney motion in the presence of a tumor mass. This has potential implications for 

margin design for healthy and cancer affected kidney. This protocol is able to show small kidney target 

motion, minimal intrafraction motion and strategies to identify large changes to target motion prior to 

treatment delivery. Such a protocol is feasible on a conventional linear accelerator with minimal early 

toxicities as we have previously reported316. 

The use of dual vacuum immobilization under free breathing conditions has shown a small variation in 

kidney motion measurements. When looking at motion of the superior pole our findings were comparable 

if not less than the 7.7mm and 7.9mm which we previously published on 62 patients with a mix of 

diagnosis402. Van Sörnsen de Koste in a study of 54 patients, also used the apex of the kidney showing 

mean motion was 9 and 9.8mm on the right and left respectively. In studies that have utilised centroid 

motion, Heinzerling212 described the use of an abdominal compression plate to show mean displacement of 

right and left kidneys to be 4.7 and 4.6mm respectively. Our own study shows motion of the midpole 

(centroid) to be very similar with mean displacement of 5mm. Whilst the aim of our study was not to 
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evaluate the effectiveness of the vacuum immobilisation to minimise kidney motion, in other studies that 

have used no compression devices, mean centroid motion of the right kidney have been 6 and 7.2mm, and 

on the left 4.5 and 6.4mm348,349 findings that are similar if not larger to our own measurements.  

We have investigated kidney motion showing a statistically significant difference in motion between the 

superior and inferior poles on the right kidney but not on the left kidney. This difference in motion of the 

right kidney would suggest either deformation or rotation to occur with breathing motion. Around the left 

kidney are the stomach and bowel, whereas the liver over the right kidney is a less compressible structure 

and could explain this difference in motion between the left and right kidney. A smaller study of five 

patients by Gawthrop & Gill346 reported similar motion differences between the superior and inferior poles 

of the right and left kidneys. Their report showed average superior motion of 13 and 12mm in the right and 

left superior kidney poles respectively. This is in comparison to the inferior right and left kidney poles 

which showed average motion of 7 and 6mm respectively which the authors also attributed to a form of 

deformation or rotation occurring with kidney motion.  

In our study the presence and size of the tumor were factors that did not show any statistical difference in 

motion between the patient’s unaffected kidney. A recent publication by Sonier et al404 on kidney motion 

of patients treated for kidney/adrenal SBRT using vacuum immobilisation reported average centroid motion 

of 8.1mm (+/- 4.3) in the superior/inferior motion which is similar to our reported data. Furthermore, their 

findings also saw localisation data at pre mid and post treatment to be within 2.1mm at 95% of occasions. 

This is similar if not smaller than our reported intrafraction motion of 3mm or less on 95% of fractions at 

mid and post treatment. Whilst the treatment time was not reported in Sonier’s (2014) publication, 

compared to our study, the use of VMAT/IMRT treatment technique and smaller dose per fractionation 

(30-40Gy/5fx) could potentially contribute to a shorter treatment duration thus reducing the magnitude of 

intra-inter fraction motion reported. In comparison to other SABR protocols, intrafraction motion data from 

Foster et al405 reported on the intrafraction motion outcome on over 260 patients stabilised with a 

stereotactic body frame. In this study Foster (2013) was able to show vector displacement of less than 2 

mm on thoracic, abdominal and pelvic sites.  

In our current protocol for kidney stereotactic treatment, we verified our ITV expansion at the time of IGRT 

by assessing patient breathing through a PDF measurement. While the majority of fractions (95%) showed 

mean breathing changes of less than 2mm to that planned, a few patients did show breathing changes from 

10mm up to 23mm. While no formalized coaching strategy was in place, therapists were advised to query 

with the patient if large changes in breathing (over 10mm) was detected. Sleepiness/drowsiness217, 

difficulty breathing with vacuum compression364 or mis-communicated breathing instructions403 are some 

factors that can contribute to changes in breathing amplitude and thus should be points of investigation if 

large discrepancies do appear. Whilst not available in our current protocol, dynamic tumor tracking or 

continuous monitoring of breathing would be ideal for future protocols. On one occasion in our study did 

post treatment imaging show a large displacement (17mm) of the kidney target (Figure 19) due to breathing 

change.  
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Figure 19. Example from a treatment fraction showing change in kidney target position due to 

breathing change. 

Offline review of post treatment CBCT imaging showed the target position had changed despite no bony 

anatomy change. In the post treatment CBCT the more inferior position of the diaphragm would suggest a 

form of baseline shift/breath hold occurring thus displacing the kidney position. Whilst no obvious factor 

could be determined why the patient’s breathing changed during the treatment, it is important nonetheless 

to monitor potential geographical misses. We have in a previous study shown the ability of an abdominal 

surface marker to detect changes in breathing364 which can be used to continually monitor patient’s 

breathing throughout the course of treatment. The correlation we found with pre-treatment breathing 

changes and mid/post treatment kidney displacement could potentially initiate continuous monitoring of 

breathing changes to minimise geographical misses with a change in breathing.  



 104 

Gated treatment offers a smaller target volume for treatment thus reducing the dose to critical organs. The 

insertion of tumor markers to facilitate respiratory gated treatment however can lead to various 

complications217 and in patients that are not suitable for surgery will not be feasible. The role of fiducial-

free tracking 406 therefore becomes an attractive option whereby the ability to use a soft tissue surrogate to 

track the position of the kidney. Our previous investigations have shown an association between the 

magnitude of motion of the right diaphragm and the right kidney402,407. In this study we have explored the 

range of motion of the right diaphragm and the left and right kidney at specific breathing phases. We have 

shown that the trajectory of motion of the kidney from the 40% through to 70% breathing phase can be ≤ 

2 mm in a majority of patients.  This provides confidence in using these breathing phases for defining the 

duty cycle for gated treatment. Future soft tissue tracking strategies can potentially uses the right diaphragm 

dome as a soft tissue marker which also showed minimal motion around the exhale phases.  

5.5 Conclusion 

Stereotactic treatment on a conventional linear accelerator with vacuum immobilisation can maintain 

average kidney target motion of less than 6mm. Pre and mid treatment stabilisation at 95% of fractions can 

be maintained within 3mm or less for average treatment delivery time of <50mins (not including setup). 

With vacuum immobilisation, breathing replication can be maintained within 2mm for a majority of patients 

however there are cases where large changes in breathing can occur at pre and post treatment. We advise 

that for SABR treatment, verification of this is part of the image guidance protocol.   
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Chapter 6  

Discussion 
 

Technological advances over the last two decades have led to the rapid adoption of stereotactic ablative 

body radiotherapy techniques globally296,408-410. These techniques have been used to treat tumours of the 

lung171,173,411, liver412,413, spine414,415 and more recently, of the kidneys324. Conventional radiotherapy for 

primary renal cell carcinomas has been ineffective in improving overall survival146. This has been attributed 

to the radio-resistant nature of the tumour401,416, preventing a sufficient dose of radiation to be used without 

causing severe toxicity to nearby organs. Developments in radiotherapy systems, motion management tools 

and image guidance systems have led to many institutions utilising a wide range of strategies for kidney 

SABR treatment (Table 4). Despite this global utilisation, there is minimal consensus on the best approach 

for high-dose radiotherapy of the kidney297. This thesis used the expert literature from lung, liver, spine 

SABR treatment, and recommendations from national and international SABR guidelines to define a 

kidney-specific SABR protocol focusing on motion management, dose conformality, and image-guidance. 

This protocol formed the technical component of the FASTRACK (Focal Ablative Stereotactic 

Radiosurgery for Cancers of the Kidney) study which examined the feasibility of linac-based SABR 

treatment of the kidneys. The final report from this study showed an 89% rate of technical feasibility based 

on 33 of 37 patients able to complete their radiotherapy treatment417(Appendix 9.7). Of the four patients 

who were unable to meet the primary endpoint, two patients were not able to achieve  bowel dose 

constraints safely, one unable to complete their final treatment fraction due to social circumstances and the 

fourth passed away before treatment could be started. Pathological confirmation of disease was available 

in 30 of 33 (90%) tumours, with the most common histology being clear cell carcinoma type (88%), 

followed by papillary/chromophobe type (9%), and a small proportion of mixed histology type (3%). All 

patients who received and completed treatment had a median follow-up of 24 months. Four patients had 

partial responses, and 28 had stable disease. One patient, at 28 months post-treatment, progressed locally 

with the distant progression of the disease. The 2-year freedom from local progression, distant progression, 

and overall survival was 100%, 89%, and 92% respectively. Post-treatment, one patient experienced grade 

3 transient fatigue and no patient experienced grade 4 or 5 toxicity.  

 

This discussion will, using examples from the literature and the work presented in this thesis, highlight the 

advantages and disadvantages of motion management, patient stabilisation, treatment planning, and image 

guidance techniques that have been used for kidney SABR treatment. This discussion will also present 

some of the literature on kidney SABR side effects, with a focus on gastrointestinal (GI) treatment toxicity. 

Finally, current and future developments for the role of kidney stereotactic treatment will be discussed.  
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6.1 Kidney motion management techniques 

Motion management, in the kidney SABR setting, has been implemented using techniques such as 

abdominal compression to reduce kidney motion, large planning margins to account for motion, use of 

patient-specific ITV motion margins, breath-hold, or fiducial marker tracking for motion compensation. 

The following section will summarise the use of these strategies for kidney SABR planning.  

The literature review in chapter 2 showed that the average superior-inferior kidney motion can range 

between 4 to 76mm depending on the breathing intervention involved. The wide range of kidney motion 

emphasises the importance of a protocol to accurately define and, if possible, to minimise the tumour 

motion for treatment. The work outlined in chapter 3 demonstrated that a dual vacuum immobilisation 

system could act as a compression device to reduce kidney motion by 1.8 to 8mm. This is similar to using 

a pneumatic compression belt301 or an abdominal compression plate212 to reduce kidney motion. One caveat 

in using compression devices is the possibility of an increase in target motion. We observed this for one 

participant in our study, described in chapter 3, and have also found similar experiences in the literature for 

one study investigating kidney motion301 and others for lung tumour motion211,226,329,377. Within these 

reports, the number of participants who had an adverse increase in target motion ranged from 4 to 18%. 

Identification of individuals who cannot tolerate abdominal compression could be done by monitoring 

changes in breathing when compression is applied. In chapter 3, we described the feasibility of using the 

Varian RPM system to monitor changes in abdominal motion which could be used as an indication of 

breathing motion changes. Another strategy would be to use fluoroscopic imaging to directly assess changes 

in diaphragm motion when under abdominal compression418. Patient comfort, with any abdominal 

compression device, should be another consideration when using this motion management strategy. In a 

study comparing the dual vacuum compression system and an abdominal compression plate329, patients 

were asked to rate their preference for either set up. Most patients (15/24, 63%) preferred the abdominal 

compression plate, rating it more comfortable. As these patients’ opinion was based only on their level of 

comfort during the simulation process, a different opinion may have been made if the patient was able to 

rate their experience of the device over the entire course of treatment. In one report of lung stereotactic 

radiotherapy 419, a small number of patients experienced anterior chest wall tenderness after three treatments 

using an abdominal compression plate. An over-the-counter analgesic was prescribed to manage the pain 

which resolved shortly after the course of treatment. For shorter courses of SABR treatment, an abdominal 

compression plate may be manageable for patients. However, for extended five or more fraction SABR 

treatments, this may cause increased pain/discomfort as treatment progresses. As renal cell carcinoma 

manifestations are often in the elderly1, the significance of patient preference and tolerability with motion 

management devices requires further investigation.  

Three kidney SABR studies275,276,280 have used planning PTV margins of 5 to 15mm around the GTV to 

account for setup uncertainty, including breathing-attributed motion. In these studies, abdominal 

compression was applied to limit the magnitude of kidney motion. The literature review in chapter 2 showed 

that median kidney motion could be 5.4mm (range 4 – 8mm) when using compression plates212,301,362 or 
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8.1mm (range 6 – 14.4mm) when using dual vacuum compression364,373,420. This suggests that generic 

planning margins of 10mm or greater can be used in combination with abdominal compression devices. 

However, with the abundance of motion management options in the modern-day clinic, other means of 

estimating target motion should be considered before resorting to generic planning margins. Within this 

thesis, and in more recent linac-based SABR studies, patient-specific motion inclusive ITV margins were 

derived from 4DCT scans278,287-289. Not only does a 4DCT provide an accurate assessment of the kidney 

motion, but it also provides an opportunity to triage the most suitable motion management approach. For 

example, if a tumour was seen to move 10mm or less, then a motion inclusive ITV margin could be used. 

If tumour motion was seen to be greater than 10mm, then a respiratory-gated protocol could be used for 

treatment. A gating solution has been demonstrated280 treating the 50% breathing phase. This exhale phase 

of the breathing cycle, was shown to be the most stable breathing phase in our study (chapter 5), 

demonstrating the least amount of motion. One limitation with using 4DCT imaging for planning is the 

presence of motion artefacts caused by breathing irregularity421,422. The reported frequency of a motion 

artefact appearing through the target volume have been reported to be as high as 30% in the lung and 

mediastinal treatment setting423. Motion artefacts appearing through the kidney tumour (Figure 20) can 

misrepresent the extent of motion, thereby requiring either a new 4DCT scan to be done, continuation with 

the use of a (larger) planning margin around the GTV or the use of a surrogate structure to estimate the ITV 

margin. The feasibility of using the right diaphragm as a surrogate motion structure for the right and left 

kidneys were investigated by our institution402(Appendix 9.3). In a retrospective analysis comparing the 

4DCT motion of the right diaphragm and the right and left kidneys of 71 patients, a correlation between 

the right diaphragm and right kidney (p = 0.001) was seen, but not between the right diaphragm and left 

kidney (p = 0.76). It was also identified that the magnitude of the right diaphragm motion was almost twice 

that of the right kidney, suggesting a disproportional motion relationship between these two organs. The 

use of the diaphragm to generate a kidney ITV margin was mentioned by Yamamoto et al 288, but there was 

no further elaboration behind this particular decision. Based on our institutional report of kidney motion 

characteristics350, an ITV margin generation based on the right diaphragm motion for the right kidney would 

be acceptable. Any correlation between the left diaphragm and the kidneys or the right diaphragm and the 

left kidney requires further investigation.  
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Figure 20 Motion artefacts on 4DCT images 

Kidney volumes can be accurately delineated on axial planes (a). However, in the presence of 4DCT motion artefacts (b) 

quantifying total kidney motion can be difficult. Source: Stanford Radiation Oncology Center 

The use of tumour tracking as a motion management technique for kidney SABR treatment has been 

reported by several institutions282-285,310,311. Fiducial markers, inserted near the kidney tumour, were used as 

surrogates of the target for treatment. In the CyberknifeTM treatment system, dynamic tracking of the 

fiducial marker can minimise intrafraction motion uncertainty, thereby allowing the use of reduced PTV 

margins around the GTV. As a surrogate structure, the fiducial marker placement must be located near the 

target. The kidney motion study in chapter 5 and in another report from the literature301, suggests that kidney 

displacement can be different between each pole. This could lead to misrepresentation of the fiducial marker 

motion and the tumour if each were in separate kidney poles. Furthermore, the additional complications-

risk from the procedure inserting the fiducial marker and the potential for seed migration may limit its 

feasibility for patients424-426. The use of fiducial markers for image guidance can also limit the type of 

imaging system, such as CBCT, which can introduce artefacts around the target region427,428.  

A breath-hold technique commonly used for liver and lung SABR treatment204,205,208,210,429, has also been 

reported for stereotactic treatment of the kidney. Funayama et al290 used a self-controlled breath-hold 

protocol to treat 13 patients. Each patient underwent repeated 3D breath-hold scans to derive an ITV margin 

of 2 to 4mm based on the consistency of tumour position. On-treatment target verification utilised a CT-

on-rails system, allowing fast image acquisition under breath-hold. The challenge with this technique is 

whether a patient can hold their breath for the duration of the beam delivery. The authors did not report on 

the total treatment time. However, they did describe their planning technique which used either multiple 

(>5) static fields or five conformal arcs for treatment. All 13 patients in this study were able to complete 

their treatment, but whether this can be implemented across other patient cohorts is still unknown. For 

prolonged breath-hold treatments, there is the risk of kidney centroid drift. This has been shown in a study 

using cine MRI to visualise kidney motion under free-breathing and breath-hold conditions299. The authors 

found that compared to free-breathing, repeated breath-holds of up to 20 minutes showed a wider range of 

kidney displacement.   
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In summary, numerous motion management strategies have been used for SABR treatment of the kidney. 

A summary of the advantages and disadvantages of these strategies are listed in Table 20. Considering the 

aging population of those diagnosed with renal cell carcinoma, the use of a vacuum compression system 

combined with 4DCT imaging to generate patient-specific ITV margins is an uncomplicated approach with 

minimal disadvantages. Compression plates/belts may be unsuitable for the elderly as would fiducial 

marker insertion, due to any pre-existing comorbidities. The role of breath-hold for treatment could provide 

an opportunity to reduce planning motion margins, however, further investigation is required regarding 

patient suitability and treatment delivery efficiency. 

Table 20. Summary of motion management strategy advantages and disadvantages. 

 Advantage Disadvantage  

Abdominal compression Can reduce kidney motion, 

thereby minimising treatment 

margins212,301,364. 

In small percentage of patients, 

can increase 

motion211,226,301,329,364.  

May not be comfortable for the 

elderly329,419. 

 

Motion inclusive ITV from 

free breathing 

Personalised to patient’s free 

breathing278,287-289,316. 

Based on free breathing 

reproducibility. 

Irregular breathing patterns can 

produce motion artefacts421-423. 

 

 

Fiducial marker Tumour tracking for treatment 

can be used282-285,310,311. 

Seed migration424. 

Risk associated with 

procedure425,426 

Seed may not represent true 

position of target301,373. 

Artefacts with CBCT may hinder 

image quality427,428. 

 

Breath-hold Small motion margin 

required290. 

CBCT imaging shows no motion 

artefacts210. 

Breath-hold drift over time299. 

Reproducibility of breath hold 

position299. 

 

 

6.2 Stabilisation and intrafraction motion 

The reduction of planning margins in SABR treatment relies on stabilisation devices that can minimise 

involuntary patient motion during treatment160. With reduced planning margins, small intrafraction motion 
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can increase the dose to surrounding critical structures and/or decrease the target coverage223. The dual 

vacuum system is composed of a body cradle customised to fit around the patient’s body. Plastic drapes, 

fitted anteriorly over the patient, are evacuated to create an air-tight vacuum. In our kidney SABR protocol, 

the use of this device for treatment was able to confer less than 2mm of intrafraction motion, thereby 

supporting our use of a 5mm PTV margin. Stereotactic-specific body immobilisation systems used for lung 

and liver treatments have reported similar intrafraction motions, ranging from 0.7 to 2.3mm224-227,329,430. 

One important consideration with the dual vacuum immobilisation system is the additional time required 

for patient setup. One investigation found that the average setup time for the dual vacuum system was 

longer at 40 (+/-21) minutes compared to the compression plate, which took on average 33 (+/-10) minutes 

(p = 0.04)329.  A similar study also showed longer setup times of 7.9 (+/- 1.3) minutes when using the dual 

vacuum system compared to the vacuum cushion alone, which took on average of 2.2 (+/- 0.4) minutes to 

set up (p = 0.021)430. The overall treatment duration is important from the clinical perspective, as with 

increased treatment time, there is a risk of increasing patient motion. This has been shown in one 

investigation examining intrafraction lung tumour motion over time268. In this study, the mean intrafraction 

motion of the tumour was 2.2 (+/- 1.2) mm within 34 minutes, and after 34 minutes, the mean tumour 

displacement was 5.3 (+/- 3.0) mm. In the context of SABR planning, which uses small PTV margins, the 

authors emphasised the importance of using either mid-treatment imaging to verify the position of the target 

volume or strategies to reduce the overall treatment time. This study, however, had relatively small patient 

numbers (n = 28) and was investigating motion in patients undergoing lung SABR treatment. A similar 

study used mid-treatment CBCT imaging to investigate intrafraction motion for 133 patients undergoing 

treatment for lung SABR. At a mean mid-treatment acquisition time of 20:05 (+/- 6:10) minutes,  94% of 

fractions were within the +/-5mm margin227. Whether or not a similar problem exists with kidney SABR 

treatment requires more in-depth investigation. In our report in chapter 5, the median treatment time was 

44 minutes and 30 seconds (interquartile range: 40 – 51 minutes, 15 seconds). The mean intrafraction and 

post-treatment motions were 1.3 (+/-1.6) mm and 1.0 (+/- 2.5) mm respectively. In a similar study using 

CBCT to localise kidney motion mid-SABR treatment, the mean intrafraction motion for kidney and 

adrenal targets in the left-right, superior-inferior and anterior-posterior directions were 0.63 (+/-0.74) mm, 

1.08 (+/-1.38) mm and 0.70 (+/-1.00) mm respectively420. One limitation of these two reports is the small 

number of patients analysed (n = 62 in total for both studies). However, if combined with the experience 

from lung intrafraction motion studies, short treatment times could remove the necessity of mid-treatment 

CBCT imaging. One way of reducing the delivery time is to use volumetric arc therapy for treatment. This 

has been shown in a planning study comparing the treatment time between a 7 to 9 field IMRT technique 

and a single arc VMAT technique431. In each technique, the coverage to the PTV target was similar, as were 

the maximum doses to the small bowel, large bowel, duodenum, spinal cord and stomach which all met the 

protocol constraints. The average treatment delivery time for the static IMRT technique was 13 (+/- 2.6) 

minutes compared to an average of 4 (+/ 0.9) minutes for a VMAT technique (p <0.05). Faster treatment 

delivery, however, is not a guarantee that intra-fraction motion will not occur during any part of the 

treatment delivery process. Investigations using cine MRI imaging to visualise kidney motion, have 
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observed baseline drifts occurring at both the beginning and the end of imaging. One study used a 1.5T 

MRI to monitor kidney motion over 25 minutes for 15 patients diagnosed with renal cell cancers302. Within 

the first 200 seconds of imaging, most patients showed a small baseline drift of less than 5mm. One patient 

showed a drift of over 12mm which continued to increase to over 20mm after the 10-minute imaging mark. 

For a selected number of patients, the baseline drift that occurred at the beginning of imaging would 

eventually stabilise by the 25-minute mark. In a similar study, a 1.5T MRI was used to compare kidney 

motion under breath-hold and free breathing conditions. The authors observed that at gating windows of 

5mm or less, the average gating efficiency was optimal when using baseline-corrected breath-hold, 

followed by free breathing and the least ideal when using breath-hold (with no baseline correction)299. These 

two MRI studies highlight the limitations of using mid and post-treatment imaging strategies for 

verification. As this process is performed at discrete time points, the behaviour of the kidney cannot be 

established outside of these imaging times. Real-time imaging technology, such as continuous MRI 

imaging, can mitigate this motion shift by providing visualisation of kidney position during treatment303. 

An alternative method would be to monitor breathing changes during treatment. Body-surface imaging can 

be used to continuously monitor patient breathing changes during treatment. This has been used to estimate 

baseline shifts occurring in lung stereotactic treatment432. Further studies correlating body-surface motion 

against the left and right kidney motion would help to validate its role for kidney SABR treatment.  

6.3 Treatment planning 

Plan quality metrics in stereotactic radiotherapy planning were first proposed by the Radiation Therapy 

Oncology Group (RTOG) to benchmark treatment plans generated for patients enrolled in clinical trials of 

intracranial radiosurgery433. These metrics included assessing the minimum isodose covering the target 

relative to the prescription dose (quality of coverage index), the ratio of the maximum dose in the target to 

the prescription dose (homogeneity index) and the ratio of the volume of the prescription isodose relative 

to the target volume (conformity index). Other indices have also been proposed to describe the conformity 

of the dose overlapping with target and healthy tissue434, with the gradient index (GI or R50), describing 

the dose fall-off beyond the target volume, being important in plan quality assessment435. In stereotactic 

ablative body radiotherapy planning, plan metrics such as the conformity index and gradient index (R50) 

have been recommended to guide the planning process436,437. A small R50 value is ideal as it represents a 

steep dose gradient generated by the low entrance and exit dose from each beam used. On the other hand, 

a large R50 value indicates either high dose contribution from each treatment field or excessive field overlap 

on entry and exit of the body. The R50 value can help guide the plan to use more treatment fields or to 

adjust beam angles to minimise dose overlap. This metric has been recommended for evaluating stereotactic 

plans of the lung and liver160 and was first used in the RTOG 0236386 trial of lung stereotactic radiotherapy 

to benchmark each patient plan enrolled in the study. The values from this trial ranged from 3.9 to 2.9, 

which was dependent on the target volume size. One limitation with these values, proposed by the RTOG 

0236386 trial and recommended by AAPM SBRT Task Group 101 report160, was that it did not consider 

heterogeneity within the plan. With heterogeneity not accounted for tumours in the lung, or any target 
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surrounded by or adjacent to air, the dose distribution misrepresents the behaviour of electrons scattering 

in the air438. The impact of heterogeneity correction on the R50 value is demonstrated in several reports 

proposing new values for treatment plan benchmarking. Xiao et al 394 recalculated the treatment plans with 

heterogeneity correction for twenty patients, originally submitted to the RTOG 0236 study. The authors 

found a larger ratio of the R50 criterion ranging from 7 to 3.5. The RTOG 0813 study for centrally located 

lung tumours, generated R50 values for plans with heterogeneity correction enabled, showing a maximum 

of 5.9 and a minimum of 2.9 depending on the tumour volume439. The ROSEL study395, comparing lung 

SBRT to surgery, proposed R50 values ranging from 8 to 6 when using older dose calculation models (Type 

A algorithm), and values ranging from 12 to 6 when using more advanced algorithms (Type B algorithm) 

that were able to model lateral electron transport. In an Australian multi-institutional analysis of 65 patients 

receiving lung SABR treatment to 85 targets, R50 recommendations ranging from 13.2 (for small targets) 

to 6 for volumes greater than 40cm3 were made234. The study methodology consisted of more than one-half 

of the plans generated using a 3D conformal technique, and the remainder using a mix of VMAT and static 

IMRT techniques. The median R50 value for the 3D conformal techniques was 6.44 (range 5.62 – 7.74) 

compared to the IMRT/VMAT plans which had a significantly larger median R50 value of 7.25 (range 5.15 

– 9.12) (p = 0.001). This difference in R50 value was attributed to the 3D conformal plan using 

combinations of planar and non-coplanar angles to avoid beam paths overlapping. The UK National 

Radiotherapy Trials QA Group have also proposed R50 values for lung and non-lung body sites440. 

According to this report, for lung sites, the R50 should range from 7 to 5, and for non-lung sites, the values 

should be from 5.5 to 4.5. Using the experience from lung SABR protocols with R50 guidelines, parameters 

such as calculation model, technique (VMAT or 3D conformal) and presence of heterogeneous media (such 

as air) can impact on the expected gradient index value. For these reasons, directly using R50 constraints 

based on lung SABR plans for abdominal targets may not be suitable. A summary of proposed R50 values 

from different institutions/trials is  presented in Table 21.  

Table 21 Recommended gradient index (R50) based on target volume size as proposed by RTOG 

0236 study394,441, RTOG 0813 study439, ROSEL study395, UK National Radiotherapy Trials QA 

Group440, and the Peter MacCallum Cancer Centre/Northern Sydney Cancer Centre 

(PMCC/NSCC)234. 

Planning 

target 

volume, 

PTV 

(cc)/Max 

tumour 

dimension 

(cm) 

RTOG 0236 RTOG 

0813 

ROSEL UK National 

Radiotherapy Trials 

QA Group 

PMCC/NSCC 

Lung  

(no 

heterogeneity 

correction) 

Lung  

(with 

heterogeneity 

correction) 

Lung Lung 

(Type A 

algorithms) 

Lung Other Lung 

1.8 (2) <3.9 <7 <5.9 <12 (<8) 7 5.5 <13.2 

3.8 (2.5) <3.9 <5.8 <5.5 



 113 

7.4 (3) <3.9 <5.4 <5.1 

13.2 (3.5) <3.9 <5.3 <4.7 <8.4 

21.9 (4) <3.8 <5.2 <4.5 <9 (<7) 5.5 4.5 <9 

33.8 (4.5) <3.7 <5.0 <4.3 

49.6 (5) <3.6 <4.8 <4.0 <6 (<6) 5 4.5 <6 

69.9 (5.5) <3.5 <4.5 <3.5 

95.1 (6) <3.3 <4.1 <3.3 

125.8 (6.5) <3.1 <3.7 <3.1 

162.6 (7) <2.9 <3.5 <2.9 

 

In chapter 4, plan quality analysis of the first 20 patients treated on the FASTRACK trial yielded a mean 

R50 value of 3.7 (+/-0.5) for targets less than 100cc in size and 4.3 (+/-0.4) for targets larger than 100cc in 

size. Compared to the R50 guidelines defined by the UK National Radiotherapy Trials QA Group440 for 

non-lung sites, the R50 values reported in this thesis were within the expected value of less than 4.5 for 

volumes greater than 40cc in size. When compared to the RTOG 0236/0813439,441 benchmark for volumes 

larger than 95.1cc, our values were larger at 4.3. But when compared to other institutions and clinical 

trials234,395,440, these values were within the expected range  (<5). It could be possible that differences in 

surrounding organs-at-risk can limit the field geometry for kidney targets compared to lung targets, thereby 

limiting the dose gradient achievable. In a retrospective study comparing R50 values for stereotactic lung 

plans against the RTOG 0813 R50 benchmarking values, 21/52 (40%) VMAT plans, limited to coplanar 

beam angles, failed to meet the RTOG study requirements. This is in comparison to 4 of 53 (7%) plans not 

meeting the requirement when using a mix of planar and non-coplanar beam angles442. For techniques such 

as VMAT which is often performed without non-coplanar angles, high-quality plans generated for fast 

treatment delivery can come at the cost of the R50 value. In another VMAT SABR lung study evaluating 

dose gradients for tumour volumes between 95cc to greater than 163cc (n = 18), the R50 value ranged from 

3.61 to 3.72. This was much larger than that defined by the RTOG 0813 study with an expected range of 

3.9 to 3.3443. This suggests that R50 metrics may need to re-consider the role of co-planar VMAT techniques 

and put less focus on non-coplanar beam arrangements. 

There are limited studies which have published R50 values in the context of kidney SABR planning. In one 

particular planning study, fifteen patients with a mix of IMRT (co-planar and non-coplanar) and VMAT 

plans were generated for analysis431. The PTV volumes ranged from 14.4cc to 281.3cc. The authors found 

that for IMRT plans, the average R50 value was 5.6 (+/-2.32) compared to the VMAT technique which 

averaged 5.04 (+/-2.01). These values were much larger than our own and are most likely due to the use of 

a coplanar VMAT technique. SABR studies for other abdominal targets have also reported R50 values 
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similar to our own. In one study treating 35 patients for adrenal gland metastases, the median R50 value 

was 4 (range 3.1 - 9.1). Thirty-nine targets with a median volume of 50cc (range 7.9 - 352.9cc) were treated 

using either a VMAT or IMRT (coplanar/non-coplanar) approach444. Another study analysed planning 

metrics for 15 patients diagnosed with pancreatic tumours with an average PTV size of 135cc (ranging 

from 58.4 to 320cc)445. Treatment plans were generated using either a 9-field static IMRT (coplanar) or a 

single arc VMAT. The authors found that for an IMRT and VMAT technique, the mean R50 value was 4.5 

(range: 3.6 - 5.3) and 4.3 (range: 3.1 – 5.9) respectively. More interesting, when VMAT plans were re-

optimized to maximise sparing of the duodenum, the R50 value increased to a mean of 4.7 (range: 3.7 – 

6.1) which was significantly larger when not purposely sparing the organ (p <0.05). This finding suggests 

that dose constraints and proximity of the target to nearby critical structures can influence the R50 

conformality of a plan. This could be the reason why R50 values in IMRT and VMAT plans are higher than 

what has been reported in our patient series.  

With IMRT and VMAT technologies becoming more readily adopted for radiotherapy treatment446-448, this 

approach would suit kidney stereotactic treatment as it would allow more conformal dose distribution 

around critical structures. In doing so, the expectations of R50 values could change. Using R50 values from 

lung studies to benchmark abdominal SABR plans would not be appropriate as differences in surrounding 

tissue constraints and tissue inhomogeneity can influence the dose gradient. Current literature on R50 

values for kidney SABR targets should be used as guides rather than strict benchmarking requirements. 

Larger case series are needed to properly analyse any R50 trends with volume size, the technique used and 

proximity to organs at risk.  

6.4 Image guidance and treatment 

Similar to studies of kidney stereotactic treatment on a linac288-290, the protocol from this thesis utilised 

CBCT imaging to visualise kidney tumour position directly before treatment. In the absence of fiducial 

markers implanted near the tumour, there is little evidence to support the use of bony anatomy as a surrogate 

for kidney position. Conventional treatment with large planning margins has used the 12th thoracic vertebrae 

down to the 5th lumbar vertebrae to identify the treatment area35. In a report describing kidney SABR 

treatment using the CyberknifeTM machine, the authors used vertebral body alignment for the kidney in one 

patient who did not have fiducial markers. The authors justified this approach by using abdominal 

compression to minimise kidney motion284. In chapter 5, we reported an average correction of 4.7 (+/-3.3) 

mm from the bony anatomy registration (2D imaging) to the kidney target. This may suggest a close 

relationship between the kidney position and nearby bony anatomy. However, there were still individuals 

requiring a shift greater than 10mm to correctly match to the kidney tumour. In a similar study reporting 

localization accuracy for kidney and adrenal targets, the 95% confidence interval for CBCT correction 

required for treatment was less than 2.1mm and less than 0.8 degrees420. These two reports suggest that 

bony anatomy, as a surrogate for kidney tumour position, is possible with a PTV margin of 5mm. The use 

of bony anatomy verification should only be used under specific conditions such as minimal kidney motion 

at planning, presence of abdominal compression, and if possible, ability to verify breathing amplitude on 
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treatment against the planning value. One advantage of cone-beam CT imaging is the ability to verify ITV 

margins at treatment. As CBCT acquisition is acquired over multiple breathing sequences, motion artefacts 

can appear on the reconstructed image. In chapter 5, we reported the use of the probability density function 

(PDF) of the right diaphragm/liver as a surrogate for ITV motion margin. For all but one patient, the mean 

difference in breathing motion from planning to treatment was less than 2mm. The patient who had  a large 

difference in breathing amplitude underwent a new planning scan with corrected breathing instructions. 

Quantifying the PDF of the right diaphragm was first described by Guckenberger et al272 to verify liver ITV 

margin before treatment. In this study, eleven patients with 13 tumours were treated with either a single 

(26Gy or 30Gy) or three fraction (37.5Gy or 45Gy) regimen. All patients underwent a 4DCT for planning 

with a 3D conformal technique using five to seven planar/non-coplanar beams. A CBCT was acquired 

before and after treatment to localise to the liver volume, and as well, to quantify any PDF differences 

between planning and treatment. The authors found no systematic difference between the mean planning, 

pre-treatment and post-treatment breathing amplitude values at 11 (+/-5) mm, 11 (+/-5) mm and 12 (+/-4) 

mm respectively. Verification of ITV (or breathing margins) has to date been performed in a limited fashion 

using fluoroscopic imaging449,450 and 4D CBCT for lung tumours199,451,452. The image quality of 4D CBCT 

is still susceptible to motion artefacts, thereby limiting its use in the abdominal setting453,454. Beyond our 

implementation of ITV verification for kidney SABR treatment, there has still been little work done to 

investigate the role of margin verification for kidney stereotactic treatment. Our case report, presented in 

the Appendix 9.2, highlights the impact of a change in breathing amplitude. A large change in breathing 

motion, not only changed the location of the target but also deformed the PTV, consequently affecting the 

coverage and dose to nearby bowel structures.  

Margin verification is only required in studies that use a motion-inclusive planning protocol. Tumour 

tracking or gating protocols do not need this as motion is compensated actively by either continuous beam 

tracking of the target278,282,285, or by selectively treating to a specific phase of the breathing cycle280. The 

effectiveness of these protocols is dependent on fiducial markers acting as tumour surrogates. Kilovoltage 

imaging systems, such as the CyberknifeTM (Accuray, USA) and Novalis® (Brainlab®, Germany) systems 

have floor-mounted imagers that allow continuous imaging of the target, regardless of the patient position 

during treatment. Fiducial marker insertion has its own risk of complication including abdominal pain, 

haemorrhage and seed migration425,455. Brook et al424 examined the safety profile and technical success of 

CT and ultrasound-guided percutaneous insertion of fiducial markers into 188 patients. Of the 38 patients 

who had one or two fiducials inserted near the kidney, two (5%) experienced a minor complication (small 

haematoma) and one a major complication (bleeding) which required hospitalisation. The author’s measure 

of technical failure was based on reports of seed migration outside of the intended targeted region which 

would render it unusable for stereotactic treatment. In the kidney study group, 3 of 38 (7.8%) patients 

showed seed migration resulting in a 92.2% technical success rate. There are advantages and disadvantages 

when using fiducial markers for treatment verification. The eligibility for fiducial marker insertion, risk of 

complication and seed migration need to be weighed against the overall treatment benefit. The role of 

fiducial markers on the linac is limited, especially when CBCT imaging is available for target localisation. 



 116 

CBCT imaging not only provides direct visualisation of the target, but also provides additional information 

on the position of surrounding organs-at-risk which may have changed from planning. Similarly, a breath-

hold protocol requires no ITV margin verification. Funayama et al290 used a breath-hold protocol for kidney 

stereotactic treatment on a linac combining it with fast CT-on-rails imaging for target volume localisation. 

CT-on-rails allow image acquisition at a rate of five seconds per slice456, as opposed to CBCT imaging 

which can take between one to two minutes depending on the imaging protocol and vendor used456. This 

longer image acquisition time can limit the feasibility of using CBCT for verification of kidney targets 

under breath-hold treatment. The effectiveness of breath-hold CBCT is not always guaranteed as shown in 

the report by Zhong et al457. In this study, 121 patients were screened for the feasibility of lung SABR 

treatment with breath-hold using the Active Breathing Controller (Elekta, Sweden). Patients were excluded 

if target motion was less than 5mm or if they were unable to maintain a breath hold of at least 40 seconds. 

Of the 121 patients, only 83 (68%) patients were eligible for a breath-hold treatment. In a similar study, 

Eccles et al208 used the Active Breathing Controller (Elekta, Sweden) to assist with breath-hold for liver 

stereotactic treatment. The study was able to qualify 21 of 34 (62%) patients for a breath-hold based 

protocol. A breath-hold strategy for kidney stereotactic treatment would benefit from using fast treatment 

delivery techniques, such as VMAT, combined with ultra-high dose rates of 1200 to 2400 monitor units 

per minute. This has been shown in a study describing a lung VMAT breath-hold technique combined with 

a high dose rate of 2400 MU/min (10MV flattening-filter-free beam) to deliver a single dose of 25Gy in an 

average of 241 seconds458. 

Real-time visualisation of the kidney target can also negate the use of ITV verification. The integration of 

cine MRI imaging on a linac can provide continuous organ motion assessment. For the kidney target, 

tracking and correcting for its displacement can bring the motion margin down from 6.1mm to 1.5mm302. 

In one of the first reports of kidney stereotactic treatment on an integrated MR-linac, Rudra et al 303 treated 

a kidney lesion with a 5mm PTV margin around the gross tumour volume. The PTV margin operated as a 

treatment boundary, stopping the beam if the tumour moved beyond this threshold (Figure 21). 
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Figure 21. Real-time MRI imaging (0.35T) of a left kidney lesion on an integrated MRI-linac 

(Viewray, California).  

A gating boundary was defined (light blue) for the GTV (a). If the GTV was found to be outside of this boundary, the beam would 

turn off (b)303. 

Image verification for kidney stereotactic treatment is important as the use of single or small treatment 

fractions leave little room for error. A linac-based treatment approach can utilise integrated CBCT imaging 

technologies to visualise not only kidney position but as well as screen for any breathing amplitude changes. 

CBCT imaging, however, is still limited by acquisition performed at specific time points. Continuous target 

verification, as is the case with fiducial marker tracking, can further reduce planning margins. New 

technologies, such as the MRI-linac, allow continuous volumetric image acquisition without the need for 

fiducial markers. This is a developing area of interest and can potentially be used to generate further 

understanding of intrafraction kidney motion.  

6.5 Side effects of treatment 

In chapter 4 we have discussed the acute toxicity observed in the first 20 patients treated on the FASTRACK 

study. Within the first six months after treatment, there was no toxicity higher than grade 3 reported. Twelve 

of 20 (60%) patients reported some side effect, while the remaining were asymptomatic. The most common 

side effects reported were chest wall pain, nausea and tiredness. The final report from the FASTRACK 

study showed that the most common side effect observed post-treatment was grade 1 chest wall pain (n = 

15) followed by grade 1 nausea (n = 14)317. The risk of injury from chest wall pain has been reported in 

patients undergoing stereotactic radiotherapy for lung tumours459-463. An analysis of 48 patients treated for 

lung stereotactic radiotherapy to a dose of 60Gy in 3 fractions, showed 10 (21%) patients reporting grade 

1 chest wall pain, and 6 (12.5%) reporting grade 2 pain461. The authors found a significant correlation 

between the volume of chest wall receiving 30Gy and 60Gy, recommending a constraint of V30 to ≤30cm3 

and V60 to ≤3cm3 to predict a 10 to 15% risk of late chest wall toxicity. In a similar study using a dose of 

21 to 60Gy in three to five fractions, a 30% risk of severe chest wall toxicity was observed when the chest 

wall received more than 30Gy to 35cm3 of its volume463. Other kidney SABR publications have not detailed 
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incidences of chest wall pain150,274-280,282,284-288,305,464. The incidences in our study were all grade 1 (mild 

discomfort) which may have been under-reported by these other studies, concerned more with grade 2 or 

higher toxicity278,280. When comparing our results with stereotactic radiotherapy for liver targets, a small 

number of publications have reported incidences of chest wall pain ranging from 2 to 14% (Table 22). 

Table 22. A summary of publications reporting chest wall pain after liver/kidney stereotactic 

treatment 

Author Patient No. Dose Incidence Technique 

Pham et al316 20 26 – 42Gy  

(1 or 3 fx) 

7 (35%) 3D CRT 

Chang et al465 65(multi-

institution) 

22 – 60Gy  

(1 – 6 fx) 

2 (3%) 3DCRT 

(Arcs/Static 

field) 

Goodman et 

al466 

26 18 – 30Gy  

(1 fx) 

2 (7%) CyberknifeTM 

Scorsetti et al 

467 

61 75Gy  

(3fx) 

1 (2%) VMAT 

Lee et al178 68 27.7 - 60Gy 

 (6 fx) 

2 (3%) 3DCRT/IMRT 

Meyer et al468 14 35/40Gy in 1 

fx) 

2 (14%) 3DCRT/IMRT 

 

In our cohort of patients, posterior chest wall pain was reported ipsilateral and contralateral to the target. 

Our reported planning technique shows a predominantly posterior beam arrangement using contralateral-

oblique beams316. Posterior-oblique angles, passing through the vacuum bag could be a contributing factor 

to the chest wall pain. The vacuum bag is filled with radio-translucent beads which provide minimal beam 

attenuation. However, with enough transmission depth through the bag, the photon build-up effect could 

be negated, resulting in higher skin dose. This effect has been shown in a phantom study investigating the 

influence of immobilisation devices on skin dose. At a depth of 1mm below the surface of a water phantom, 

a 6MV beam passing through 1.5cm, 4.5cm and 6.5cm of BodyFixTM bag could increase the peak dose by 

23%, 39% and 41% respectively469. The same effect has also been shown to increase to 101% of the peak 
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dose when larger field sizes are used470. The authors in these studies suggested introducing air gaps, less 

dense material or higher energies to reduce the dose close to the skin surface.  

In stereotactic treatment of the kidneys, the risk of severe gastrointestinal toxicities can become a 

contraindication for radiotherapy treatment. In the FASTRACK study, two patients enrolled into the trial 

were unable to proceed with their treatment due to the proximity of the kidney lesion to the bowel, 

preventing a suitable SABR plan to be generated317. Studies of SABR treatment to the liver and pancreatic 

cancers, using a dose of 45Gy in three fractions, have reported grade 3 ulcerations and mucositis to the 

stomach, colon and duodenum. The plan dosimetry showed that these areas of grade 3 toxicity received 

more than 30Gy471,472. These findings suggest that, in the SABR setting, there is a maximum dose sensitivity 

to the bowel. In a single-fraction, dose-escalation study for pancreatic cancers, the use of 15 to 25Gy in one 

fraction treated for 15 patients, did not show any grade 3 toxicity. As part of the planning objective, the 

authors kept 50% of the dose away from the contralateral wall of the duodenum. This resulted in a mean 

dose of 14.5Gy and 22.5Gy to 50% and 5% of the duodenum respectively473. In a separate study 

investigating bowel-dose toxicity, 12/73(16.4%) patients, after receiving single-fraction SABR treatment 

to the pancreas, experienced grade 2 to 4 bowel toxicity. The authors found that a maximum dose of less 

than 23Gy to the duodenum showed a toxicity rate of 12% compared to 49% when exceeding 23Gy. Other 

predictors of (grade 2 to 4) toxicity were the duodenum volume receiving 15Gy and 20Gy which should be 

kept below 9.1cc and 3.3cc respectively in order to decrease the risk from 52% to 11%474. Dose-volume-

histogram (DVH) risk maps have also been modelled to evaluate the risk of gastrointestinal toxicity475,476. 

In one such study, the treatment and outcome data from 175 patients, treated with SABR to various 

abdominal targets in one to five fractions, was used to generate bowel toxicity risk estimations. Within the 

dataset, there were seven incidences of grade 3 or higher gastrointestinal toxicity. Based on the maximum 

and volumetric dose to 5cc and 2cc of the bowel, the authors used normal tissue complication probability 

models to generate small bowel toxicity risk maps based on various fractionation schedules. For a single 

fraction regimen, a low risk (1.4%) of small bowel toxicity is considered when a maximum dose of 12Gy 

(to the bowel) is used. On the other hand, a high risk (8.2%) of toxicity is present if the maximum dose to 

the bowel is planned to 19Gy. Similarly, for a three fraction SABR protocol, low risk (3.6%) is considered 

when the maximum bowel dose is kept to less than 25.2Gy, whereas a high risk (7%) is seen when 30Gy 

is used.  

There have been limited reports of gastrointestinal toxicity after stereotactic treatment to primary kidney 

cancers. In one study reporting the treatment for primary and metastatic renal cell carcinomas, one case of 

grade 4 gastric haemorrhage and one case each of grade 3 diarrhoea and stomach haemorrhage was 

reported276. The grade 4 toxicity was from an individual receiving treatment to a metastatic lesion in the 

pancreas which was located adjacent to stomach and duodenum. In another report, a single case of grade 4 

duodenal ulcer was reported. The dose received to the duodenum was 54Gy over four fractions285.   

Despite the vast literature on bowel toxicity, there is minimal consensus for maximum and volumetric dose 

constraints for the gastrointestinal tract. In studies of kidney SABR treatment, not only were there variations 
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in dose constraints to the bowel, there were differences in bowel-organ structure delineation. Studies that 

used five fraction prescriptions have published a maximum dose constraint to the small bowel ranging from 

25Gy to 35Gy with the volume receiving 5cc to be less than 18 to 25Gy284,287,289,303. Studies reporting three 

to four fraction prescriptions reported small bowel maximum dose constraints between 21 to 

30Gy276,278,285,308,317. For single fraction prescriptions, the maximum dose to the bowel was reported to be 

between 13.9Gy and 19Gy308,317. The AAPM Task Group Report 101160 for stereotactic treatment, 

recommended small bowel dose constraint to receive no more than 32Gy in five fractions and no more than 

12.4Gy in one fraction. In the IROCK consensus statement, the maximum dose to small bowel in five 

fractions was 30Gy. For single fraction treatment, there was no maximum point dose defined, but there was 

a recommendation for no more than 20cc to receive 14Gy, and the circumferential volume to receive less 

than 12.5Gy297.  

Some institutions define the bowel constraint to a single continuous organ279,288, whereas others separate 

the bowel into the duodenum, small bowel and large bowel284,287,303. Table 23 is a summary of these 

published constraints, grouped according to the total fraction number. Included in this table are the 

International Radiosurgery Consortium for Kidney (IROCK) consensus statement summarising dose 

constraints to organs at risk297, the AAPM SBRT Task Group 101 organ dose constraint 

recommendations160, and a SABR normal tissue constraint recommendation based on findings from the 

modern literature477. 

Apart from one study, which defined specific constraints for the duodenum, small bowel, large bowel and 

stomach287, the specification of dose constraints to each of these organs vared across other 

studies276,278,282,284,288,289,303,305,308,317. Historical literature has indicated that the duodenum is the most 

radiosensitive gastrointestinal structure followed by the small intestine and then the large intestine478. 

Whether this sensitivity is still valid in high-dose ablative therapies requires further investigation. When 

the tumour target is adjacent to the duodenum, small bowel and large bowel, the manner in which organ 

dose constraints are defined can affect the final dosimetric outcome of the plan. Dose constraints imposed 

on the bowel as a single contiguous organ is considered a more conservative planning approach than when 

planning with dose constraints to each of the duodenum, small bowel and large bowel. When the planning 

volume abuts or overlaps with bowel structures, there is a lesser need to sacrifice PTV coverage to meet 

dose-volume constraints for three organs rather than the one. An example of this is seen in Figure 22. 
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Figure 22. PTV coverage is less likely to be sacrificed when organ constraints are defined to specific 

sub-organs rather than to a single organ.  

In this example, the constraint for gastrointestinal structures (duodenum, small bowel, large bowel or the bowel organ) is for 1cc 

to receive 33Gy or less. Plan A has been optimised so that the maximum dose to 1cc of the small bowel, duodenum and large 

bowel are at 31.8Gy, 32.9Gy and 31.8Gy respectively. The dose to 1cc of the bowel organ (sum of small bowel, duodenum and 

large bowel) is at 34.1Gy. The minimum volume receiving 100% of the dose is 72%. Plan B on the other hand, has been 

optimised so that 1cc of the bowel organ receives 32.9Gy. The coverage to the PTV is less than plan A, with only 69% of the 

volume receiving 100% of the dose. The dose to the small bowel, duodenum and large bowel is 29.8Gy, 32.3Gy and 30.4Gy 

respectively. Source: Stanford Radiation Oncology Center    

Despite the relatively low incidences of bowel toxicity from kidney SABR treatment479, there has been a 

concern with the cumulative toxic effect of antiangiogenic drugs with high-dose ablative therapies causing 

severe gastrointestinal related toxicities480. Targeted therapies aim to inhibit vascular endothelial growth 

factors (VEGF) from preventing tumour vasculature expansion. However, as VEGF plays a role in wound 

healing, its use after SABR treatment may inhibit the recovery of any small bowel injury caused by the 

radiation480,481. A review of abdominal SABR studies combined with antiangiogenic drugs (sorafenib and 

bevacizumab) identified four studies using prescriptions of 8 to 60Gy in one to five fractions. Late grade 3 

to 5 bowel toxicity, within the treatment area, occurred as early as one week, and up to 17.2 months, after 
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treatment480. One report, documenting the use of SABR treatment to abdominal targets (28 to 60Gy in one 

to five fractions), identified 76 patients treated for 84 primary and metastatic lesions. Twenty-seven of 76 

(35%)patients received a VEGF inhibitor before and within 13 months of completing radiotherapy 

treatment. Seven patients, all receiving the combination radiotherapy and systemic therapy, suffered from 

grade 3 to 5 gastrointestinal ulceration or perforation at a median of 4.6 months post-radiotherapy 

treatment481. Having said this, other reported series of targeted therapies combined with abdominal SABR 

treatment, have reported no grade 3 or higher gastrointestinal toxicity. This is despite more than 37% of 

patients receiving a VEGF inhibitor within 2 years (before and/or after) of treatment475.  

These examples from the literature show that the gastrointestinal system is sensitive to the maximum dose 

received and total-volume irradiation. However, there is still a gap in the literature with specific threshold 

doses levels. Maximum dose definitions can be expressed as dose-per-pixel, dose to 1cc of volume, or dose 

to 0.03cc or 0.35cc of volume, making dosimetric comparisons across studies challenging. Another 

challenge with quantifying dose-response assessment of the gastrointestinal system relates to the position 

of the organ at planning and treatment. Any changes from the time of planning to the time of treatment are 

unlikely to be captured without proper imaging tools to verify the organ482. 2D imaging of fiducial markers 

provides no volumetric information to assess changes in bowel anatomy. Cone beam CT image quality, 

providing valuable soft-tissue information, can be degraded by bowel gas483,484. The MR-linac, with 

superior soft tissue definition compared to CBCT imaging485, has the potential to be used to investigate 

dose-response relationships of bowel structures303,482. 

Table 23. Summary of published dose constraints used in reports of SABR treatment for primary 

kidney cancers. Included are recommendations from IROCK297, AAPM TG 101160, Pollom et al477 

and from the work reported in this thesis316.  

Organ Author Fractions Volume (cc) 

Dose 

(Gy) Max Dose (Gy) 

Colon Benedict 160 1 fx 20cc 14.3 18.4 

Duodenum Benedict 160 1 fx 5cc 11.2 12.4 

Duodenum Benedict 160 1 fx 10cc 9  

Jejunum/ileum Benedict 160 1 fx 5cc 11.9 15.4 

Large bowel IROCK 297 1 fx alara   

Large bowel IROCK 297 1 fx    

Large bowel Pham 316 1 fx 10cc 9.6  

Large bowel Pham 316 1 fx 1cc 12.6  

Large bowel Pham 316 1 fx 0.035cc 13.9  

Small bowel IROCK 297 1 fx <20cc 14  

Small bowel IROCK 297 1 fx circumference <12.5  

Small bowel Senger 308 1 fx <5 10 19 

Small bowel Pham 316 1 fx 30cc 12.5  

Stomach IROCK 297 1 fx <10cc 11  

Stomach IROCK 297 1 fx <5cc 22.5  

Stomach/intestine 

Yamamoto 
288 10 fx 1 71  
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Stomach/intestine 

Yamamoto 
288 10 fx 10 52  

Stomach/intestine 

Yamamoto 
288 10 fx 100 43  

Colon Benedict 160 3 fx 20cc 24 28.2 

Duodenum Benedict 160 3 fx 5cc 16.5 22.2 

Duodenum Benedict 160 3 fx 10cc 11.4  

Duodenum Pollom 477 3 fx 1cc 30  

Gastrointestinal Svedman 279 3 fx   21 (no more than 7Gy per fraction) 

Jejunum/ileum Benedict 160 3 fx 5cc 17.7 25.2 

Large bowel 

IROCK 297 

3 fx 

alara minimize 

volume >30Gy   

Large bowel IROCK 297 3 fx    

Small bowel IROCK 297 3 fx 10 11.4 30 

Small bowel IROCK 297 3 fx 1 24  

Small bowel Pollom 477 3 fx 5 24.5  

Small bowel Pollom 477 3 fx 2 21  

Small bowel Senger 308 3 fx <5 16 27 

Small bowel Pham 316 3 fx 0.035 30  

Small bowel Teh 278  3 fx   24 (no more than 8Gy per fraction) 

Small bowel Wersall 276 3 fx   21 (no more than 7Gy per fraction) 

Stomach IROCK 297 3 fx <10cc 16.5 30 

Stomach IROCK 297 3 fx <5cc <22.5Gy  

Stomach Teh 278 3 fx   24 (no more than 8Gy per fraction) 

Stomach Wersall 276 3 fx   21 

Bowel Ponsky/Grub 4 fx ≤1 24  

Stomach Ponsky/Grub 4 fx ≤1 22  

Colon Benedict 160 5 fx 20cc 25 38 

Duodenum Benedict 160 5 fx 5cc 18 32 

Duodenum Benedict 160 5 fx 10cc 12.5  

Duodenum Chang 287 5 fx <5 18 32 

Duodenum Pollom 477 5 fx 1 35  

Jejunum/ileum Benedict 160 5 fx 5cc 18.5 35 

Large bowel Chang 287 5 fx <20 25 38 

Large bowel IROCK 297 5 fx <20cc 25 38 

Large bowel IROCK 297 5 fx   60 (BED) 

Large bowel Lo 284 5 fx <5 25 29 

Large bowel Rudra 303 5 fx 0.5 36  

Large bowel Rudra 303 5 fx 20 25  

Small bowel Chang 287 5 fx <5 19.5 35 

Small bowel Correa 289 5 fx D99% 24 25 

Small bowel IROCK 297 5 fx <5 20 30 

Small bowel IROCK 297 5 fx   60 (BED) 

Small bowel Lo 284 5 fx <5 25 29 

Small bowel Pollom 477 5 fx 2 30  

Small bowel Pollom 477 5 fx 5 25  

Small bowel Rudra 303 5 fx 5 20 35 

Stomach Chang 287 5 fx <10 18 32 

Stomach IROCK 297 5 fx <5cc 18 30 
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Stomach IROCK 297 5 fx   60 (BED) 

Stomach Lo 284 5 fx <5 27 31 

Stomach Rudra 303  5 fx 0.5 36  

Stomach Rudra 303 5 fx 10 18  

 

6.6 Future developments 

The role of radiotherapy treatment for kidney cancer management has resurfaced with great interest in the 

last decade, a turnaround from the poor survival gains from studies during the 1970s and 1980s35. The 

prospective reports of stereotactic radiotherapy as primary management for kidney cancers280-283,285,286,290,311 

are based on patients considered medically inoperable or have refused surgery. A pooled analysis of 223 

patients treated for primary kidney cancers using a SABR technique, reported the 4-year local control, 4-

year cancer-specific survival and overall survival at 97.8%, 91.9% and 70.7% respectively479. This is in 

comparison to pooled outcome results from surgery and thermal ablative techniques, which have reported 

5-year cancer-specific survival and 5-year overall survival rates at 96% and 91%, respectively486. Compared 

to surgery and thermal ablative therapies, the lower overall survival data from stereotactic treatment could 

be attributed to the patient selection criteria (i.e. tumour too large or patient co-morbidities) rather than 

inferiority of technique. There are currently no published data comparing stereotactic radiotherapy of the 

kidneys with surgery or thermal ablation, likely due to lack of consensus on best practice guidelines for 

kidney SABR. The International Radiosurgery Oncology Consortium for Kidney, formed from eight 

international institutions with a broad experience in stereotactic kidney treatment, published common 

guidelines for kidney SABR treatment. The patient selection criteria, recommended by the consortium, 

included: 1. Previous treatment to the kidney-abdominal area is a contraindication for SABR treatment; 2. 

A solitary kidney is not a contraindication for treatment; 3. Pre-treatment image guidance using soft tissue 

or fiducial surrogates is a must; and 4. Dose constraints must prioritise small bowel as a critical organ. The 

report also identified areas of practice that has seen variability among institutions. These differences 

included: GTV to PTV margins, motion management strategies, and more importantly, dose fractionation 

schedule297. This last factor could play an important role in future studies investigating the significance of 

fractionation schedules on toxicity and tumour control. In the pancreatic cancer setting, compared to single 

fraction SBRT, a  multi-fraction SBRT regimen has been shown to be superior in reducing gastrointestinal 

toxicity, while maintaining similar rates of local control487. Multi-institutional pooled analysis comparing 

cancer-specific survival for multi fraction treatment of kidney SABR, compared to single fraction 

treatment, have shown poor cancer-specific survival (HR = 1.33, p = 0.011). This analysis, however, is 

limited by imbalances of patient age and baseline performance status. As well, the single fraction regimen 

was also more commonly used for smaller tumours (mean 37.1mm +/- 10.6), compared to multi-fraction 

regimen which was preferred for larger tumours(mean 50.9mm +/-37.6)479.  

Technological advances in planning and treatment delivery have seen a global adoption of advanced 

imaging and intensity-modulated planning practices446-448,488. The current state-of-the-art sees the 
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integration of real-time imaging with IMRT planning to allow the development of online adaptive 

treatment. This is the ability to recalculate, re-optimise and adapt the treatment plan to the patient’s anatomy 

as visualised on the treatment couch, directly before treatment. In the stereotactic treatment of abdominal 

targets, online adaptive treatment could benefit tumours that are susceptible to changes in internal organ 

motion. Henke et al482 reported the feasibility of using an integrated MRI-linac to adapt treatment plans 

directly before stereotactic treatment for abdominal (liver and non-liver) targets. The protocol allowed for 

dose escalation or de-escalation depending on the anatomy of the day. The authors found that 81/97 (83.5%) 

fractions were adapted before treatment. Seventy-five per cent of the adapted plans were carried out to 

change a dose constraint that was exceeded by anatomy changes on the day. The most common organ to 

prompt an adaptive replan was the small bowel at 37/81 (45%) fractions, followed by the stomach at 22/81 

(27%) fractions, and the duodenum at 14/81 (17%) of fractions. Twenty-one of 81 (26%) fractions were 

adapted to increase the dose coverage to the PTV. In terms of dose escalation, three of 20 (15%) patients 

with liver targets were able to receive a higher dose prescription than initially planned for. The median on-

table treatment time was 79 minutes, ranging from 36 to 160 minutes. An online-adaptive protocol may 

benefit kidney SABR plans that had to sacrifice PTV coverage to meet bowel dose constraints. In our 

FASTRACK study, two patients did not receive treatment as the proximity of the bowel to the PTV 

prevented a suitable plan to be generated317. The need to reduce coverage to the PTV or to reduce the total 

dose in kidney SABR treatment is not uncommon. In one report, only 5/11 (45%) patients were able to 

achieve more than 90% of the volume receiving the prescription dose of 40Gy in five fractions289. A similar 

study also reported 4/16 (25%) patients able to receive a prescription dose of 40Gy in five fractions. For 

the remaining patients, a dose of 30 to 35Gy was used to meet constraints to organs-at-risk287. As for the 

need to re-adapt to changes in bowel organ entering the treatment field, the relatively small number (1.3%) 

of grade 3 to 4 bowel toxicity reported, suggests a marginal gain with organ-at-risk led adaptation479. One 

other caveat with the online adaptive process is the extended treatment time. The reported median plan-

and-treat time of 79 minutes by Henke et al482, is almost twice the time reported in this thesis. How the 

kidney motion changes over extended treatment durations will require further investigation.  

As stereotactic radiotherapy is a non-invasive approach compared to surgery, preservation of kidney 

function post-treatment is of great interest. Siva et al479 reported minimal decreases in estimated GFR post 

treatment which is comparable to partial nephrectomy and thermal ablative techniques479,489. With the 

ability of modern planning systems to cross-reference dose to kidney function, the establishment of dose-

response-relationships is made possible. This information would help guide motion management, planning 

margins and beam delivery techniques to minimise radiation to non-tumour kidney tissue. Our institutional 

investigation (Appendix 9.5) on a dose-response effect to the kidneys used single-photon emission 

computed tomography (SPECT) scans to monitor kidney function at baseline and post stereotactic treatment 

for 21 patients. Three-dimensional images of the kidney, with voxels representing glomerular filtration 

rates, were co-registered with the radiotherapy treatment plan. By registering the radiation dose plan to the 

SPECT image, each corresponding voxel would represent the kidney function after receiving a specific 

dose. Based on a median follow up measurement taken at 11.8 months, the authors found a significant 
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relationship (r2 = 0.29, p = 0.04) with kidney function loss and the area receiving 50% of the prescription 

dose490. This finding suggests a dose-effect at intermediate to high doses rather than lower doses as having 

been previously reported160,491,492. Yamamoto et al288 also investigated renal atrophy as a function of dose 

for 14 patients undergoing stereotactic treatment of the kidney. Using post-treatment CT scans taken at a 

median of 16.9 months (range: 12 – 21.8), the authors found a median post-treatment volume of 73.4 (range 

41.5 – 144.6) % remaining.  Based on dose prescriptions ranging from 50 to 70Gy in ten fractions, the 

authors found that the volume receiving 20 to 30Gy had the strongest correlation (r < -0.7, p < 0.01) with 

renal atrophy. The authors also found that kidney atrophy was greater for patients without fiducial markers 

compared to those with fiducial markers which showed median remaining kidney volumes of 71.4% (range 

61.3 – 83.4%) and 87.5% (75.6 – 96.4%) respectively (p = 0.02)288. This difference in kidney atrophy for 

those with and without fiducial markers, suggests an importance in motion management strategy and 

treatment margins used in radiotherapy treatment.  

Another area of developing interest is survival prognosis based on tumour histology. Survival outcome in 

surgical series have suggested poorer prognosis with clear cell type kidney cancers compared to 

papillary/chromophobe types493-495. In the radiotherapy setting, there may be an opportunity to investigate 

the dose sensitivity of renal cell carcinomas based on their histology. One study has shown a greater 

percentage of patients (86%) showing complete responses to kidney SABR treatment when the histology 

has been of transitional cell type compared to those with renal cell type (20%)286. In the IROCK pooled 

analysis report of kidney SABR treatment outcomes, a better prognosis was observed for papillary type 

tumours (HR = 0.45) compared to clear cell, and worse for all other non-papillary and non-clear cell (HR 

= 2.08). However, this was not found to be statistically significant (p = 0.171)479. A histology-based dose-

optimisation strategy has already been investigated for lung cancers showing dose threshold differences 

between a squamous cell and adenocarcinoma type cancers496-498. Future prospective studies, with 

pathological confirmation of disease, could inform ideal dose scheduling based on tumour pathology. For 

tumour histology more sensitive to high dose radiation, a lower dose prescription could be used, thereby 

minimising toxicity to the bowel and healthy kidney. For tumour histology that shows greater radio-

resistance, a more aggressive dose approach, such as single fraction high-dose or adaptive radiotherapy, 

could be used.  

The role of combined modality treatments for immunotherapy drugs and radiotherapy to treat primary and 

metastatic disease has also been investigated499. Compared to standard fractionation radiotherapy, high 

doses of radiation to tumours in animal models, have been shown to prime T-cell production in lymph 

nodes500,501. This, combined with an immunotherapeutic agent, can dramatically increase the systemic 

response to target cancers beyond the primary disease site, otherwise known as the abscopal effect502. Case 

study reports, describing the use of SABR treatment to primary and metastatic kidney lesions, have shown 

the abscopal effect triggering regression of disease located out-of-field503-505. Immuno-radiotherapy 

treatment for kidney cancer patients could potentially improve disease-free and overall survival in a manner 

that combination surgery and immunotherapy could not128,506,507. Clinical trials investigating combination 
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immunotherapy and SABR treatment for renal carcinomas are currently ongoing508. The outcome from 

these studies will be important to inform best practice protocols as local and distant recurrence rates for 

patients managed by surgery range can range between 20 to 64%509-511.  

 

 

Chapter 7  

Conclusion 
With the rise in kidney cancers globally, it is important to define new and safe treatment therapies. Surgery 

and ablative therapies are the current standards of care for early-stage kidney cancers, and more recently 

stereotactic ablative body radiotherapy has become a safe and feasible option for patients unsuitable for or 

refusing surgery. The clinical outcome for stereotactic treatment has been reported for several different 

delivery platforms including robotic radiosurgery, particle accelerators and linear accelerators. There are, 

however, minimal technical guidelines to help inform implementation on these delivery systems, 

specifically the linear accelerator.  

 

The work in this thesis contributes to the field of linac-based kidney stereotactic treatment by providing 

technical reports focusing on motion management, 3D conformal planning and 4D image-guidance at 

treatment. The need to investigate these keys areas are highlighted in each chapter. The complex motion 

characteristic of the kidney is summarised in chapter 2. Kidney motion can vary according to breathing 

instructions. It can be as large as 76mm under deep breathing or be less than 5mm with shallow breathing. 

Controlling the amount of kidney motion can be done with devices that exert abdominal compression. In 

chapter 3, a dual vacuum compression system was shown to be useful to compress the abdomen, reducing 

overall kidney motion. In chapter 5, the same device was able to demonstrate patient intrafraction motion 

of less than 5mm on treatment. This supported the use of reduced planning margins to minimise dose to 

surrounding healthy tissue.  

Compared to robotic radiosurgery and particle accelerators, achieving high dose conformality on a linear 

accelerator can be challenging with a 3D conformal technique. In chapter 4, the use of coplanar and non-

coplanar angles, under the guidance of the R50 plan quality metric, was able to achieve intermediate dose 

conformality equivalent to those of IMRT and VMAT plans.  

An important requirement in stereotactic ablative body radiotherapy is the verification of soft tissue targets 

directly before treatment. Chapter 5 demonstrated the use of CBCT technology to visualise and localise to 

kidney targets directly before treatment. Also, ITV margin verification using a novel tool was made at the 
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treatment console to measure diaphragm motion from the CBCT image. Few studies have reported the use 

of ITV margin verification on treatment, so this was an important and unique procedure. The dosimetric 

impact of a change in breathing amplitude on treatment is highlighted in a case study reported in Appendix 

9.2. 

The work described in this thesis can be adapted to any modern facility with a linear accelerator integrated 

with advanced 3D imaging capabilities. There are still many areas of ongoing technical development that 

could improve this linac-based approach for kidney stereotactic treatment. Breath-hold for motion 

management, online adaptive treatment, infraction motion monitoring using cine MRI imaging are but some 

of the developing technologies. Further research with these technologies could be used to answer clinical 

questions such as gastrointestinal and healthy kidney tissue tolerances, optimal dose fractionation schedules 

and the role of tumour histology and dose escalation.  
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Chapter 9 

Appendices 

The following section include papers that have been authored/co-authored outside of the thesis program. 

They are directly related to the theme of kidney stereotactic therapy and where appropriate, have been 

referenced in the discussion.  
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9.1 A systematic review of stereotactic radiotherapy ablation for primary 

renal cell carcinoma 
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9.2 Effect of different breathing patterns in the same patient on 

stereotactic ablative body radiotherapy dosimetry for primary renal cell 

carcinoma: A case study 
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9.3 An analysis of respiratory induced kidney motion on four-

dimensional computed tomography and its implications for stereotactic 

kidney radiotherapy 
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9.4 A planning study investigating dual-gated volumetric arc stereotactic 

treatment of primary renal cell carcinoma 
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9.5 Impact of stereotactic radiotherapy on kidney function in primary 

renal cell carcinoma: Establishing a dose–response relationship 
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9.6 Out-of-field in vivo dosimetry using TLD in SABR for primary 

kidney cancer involving mixed photon fields 
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9.7 Stereotactic ablative body radiotherapy for inoperable primary 

kidney cancer: a prospective clinical trial 
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