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    Chapter 1   
 Introduction to Stereotactic Body 
Radiotherapy 

             Andrew     M.     Gaya       and     Anand     Mahadevan    

    Abstract     Indications for Stereotactic Radiotherapy have expanded in recent years 
from intracranial treatment to extracranial, leading to the development of a thriving 
subspecialty within radiation oncology. The evidence base is growing exponentially. 
However there is still a lack of good quality prospective randomized clinical trial data. 
This chapter provides an introduction to the subject and a broad review of the major 
indications, which are then covered in more depth within individual chapters.  

  Keywords     Stereotactic Body Radiotherapy   •   SBRT   •   SABR   •   Ablation   •   Cyberknife  

     Stereotactic body radiotherapy (SBRT) refers to the precise irradiation of an image- 
defi ned extracranial target using a small number (usually 1–5) of high-dose frac-
tions. It has developed as an extension of intracranial stereotactic radiosurgery 
(SRS), and is conceptually different from conventionally fractionated external beam 
radiotherapy (CFR). 

 In CFR the tumour volume is irradiated together with a margin to account for 
tumour and organ motion, and the inaccuracies of planning, setup and delivery. The 
total dose is limited by the tolerance of normal tissue within, or close to, the plan-
ning target volume (PTV). Conventional fractionation (typically 1.8–2 Gy per frac-
tion) optimises the therapeutic ratio. 

 In SBRT, the PTV contains the target lesion together with a much smaller margin 
of normal tissue. The intention is to deliver an ablative radiation dose to all tissue 
within the PTV, exploiting the potent radiobiological effect of large fraction sizes 
(see Chap.   5    ). 

 The safe delivery of ablative doses of radiation requires effective patient immo-
bilisation, precise target localisation (which may involve fusion of different imaging 
modalities), sophisticated planning software, accurate treatment delivery, and the 
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ability to produce a steep isodose gradient outside the target volume. In addition, 
extracranial lesions pose further challenges to treatment delivery due to inter- and 
intra-fraction tumour and critical organ motion. Until recently this has limited our 
ability to deliver stereotactic radiotherapy to targets outside the brain. However, 
advances in image guidance have allowed treatment systems to account for such 
motion, and consequently the use of SBRT is increasing. 

1.1     History of SBRT 

 Stereotactic surgery was fi rst described by Horsley and Clarke in 1906. They devel-
oped a method of locating deep-seated brain lesions by assigning coordinates in 
three planes to neuroanatomical structures, based on cranial landmarks [ 1 ]. In 1947 
Spiegel and Wycis introduced frame-based stereotaxy using a plaster head cap 
known as a stereoencephalatome, and a 3-D coordinate system relative to this [ 2 ]. 

 Lars Leksell, a Swedish Neurosurgeon, was the fi rst person to marry the two devel-
oping fi elds of stereotaxy and radiation therapy, and introduced the term “Radiosurgery” 
in 1951. He used a rigid metal stereotactic head frame fi xed to the skull. Small intra-
cranial targets were localised relative to the frame, and radiation was delivered in a 
single high-dose fraction [ 3 ]. The technique initially employed 250 KV x-rays, but in 
1967 the fi rst Gamma Knife prototype was developed, using 179 Cobalt-60 sources 
focused on the target. Since then, Gamma Knife has become widely used for intracra-
nial stereotactic radiosurgery, with sub-millimetre total system accuracy [ 4 ]. 

 The 1980s saw the adaptation of linear accelerators for intracranial stereotactic 
delivery, again using rigid stereotactic head frames, and specialist dosimetry soft-
ware e.g. X-Knife (Radionics, Boston, MA). 

 In 1995, Hamilton et al. proposed a method of delivering linac-based stereotactic 
radiotherapy to spinal lesions using a prototype rigid “extracranial stereotactic 
frame” and associated 3-D coordinate system. Immobilisation was achieved by 
transcutaneous frame fi xation to spinous processes superior and inferior to the tar-
get. They reported an overall treatment accuracy of 2 mm, but the technique was 
time-consuming, cumbersome, and limited to the delivery of single fractions [ 5 ]. 

 Around the same time, Lax et al. developed a stereotactic body frame which, 
together with a vacuum bag, immobilised the patient from head to mid-thigh. They 
found the setup reproducibility for liver and lung lesions to be within 5–8 mm for 
90 % of the patients. Diaphragmatic movements were reduced to 5–10 mm by 
applying pressure on the abdomen [ 6 ]. Many stereotactic radiotherapy systems 
today use a similar setup of body frame immobilisation, and some centres use 
 corsets to limit diaphragmatic movement. 

 However for most extracranial sites the position of the tumour does not enjoy a 
fi xed relationship relative to the external body contour, and can move both between 
and during each fraction of radiotherapy. An external body frame alone is therefore 
not suffi cient to ensure accurate delivery of radiation to the target. Safe delivery of 
large fractions of radiotherapy requires sophisticated image guidance. 

A.M. Gaya and A. Mahadevan
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 Image guidance in radiotherapy became a realistic concept with the development 
of the electronic portal imaging device (EPID) and software to aid quantitative evalu-
ation of patient setup, thus allowing correction of translational errors. The next step 
was moving from “off-line” to “on-line” image guidance (ie adjusting patient position 
on the basis of imaging, before each fraction). Accurate identifi cation of tumour posi-
tion has improved with the use of inserted metal fi ducial markers with planar images, 
or alternatively with the development of volumetric image guidance (eg cone beam 
CT, or in-room CT on rails). More recently, improved software, together with more 
sophisticated treatment couches, have meant that correcting for rotational setup errors 
is now possible. Finally, intra-fractional image guidance is now available, and is a key 
component of some of the stereotactic treatment systems described below. 

 Stereotactic systems which use planar imaging have great fl exibility with respect 
to taking multiple intra-fraction images, but largely rely on implanted fi ducials. 
Percutaneous fi ducial insertion can be technically diffi cult, especially in the upper 
abdomen where it may be necessary to pass through other organs to reach the target 
lesion. See also Chap.   2    .  

1.2     Fractionation and Radiobiology 

 The therapeutic benefi t achieved with dose fractionation has been recognised for 
over 100 years [ 7 ]. Conventional fractionation has emerged from such early obser-
vations, with subsequent refi nement as our knowledge of radiobiology has devel-
oped. The linear quadratic model [ 8 ] and its ability to describe cellular response to 
radiation, together with Withers’ “4 Rs” of radiotherapy—DNA  R epair, 
 R eoxygenation of the tumor,  R edistribution within the cell cycle, and  R epopulation 
of cells [ 9 ], have had a big infl uence on modern CFR regimes. 

 In contrast, intracranial radiosurgery exploits the ablative power of large single doses 
of radiation, which transcends the considerations proposed by Withers. Considerable 
dose inhomogeneity within the target volume is standard practice, due to the internal 
dose gradient achieved by using a low prescription isodose (commonly 40–60 % with 
gamma knife radiosurgery). There is some evidence to suggest that, rather than being a 
problem, target dose inhomogeneity may enhance the tumoricidal effect [ 10 ]. 

 SBRT sits somewhere between the extremes of CFR and radiosurgery. Large 
doses per fraction are used, and a moderate internal dose gradient achieved, with a 
typical prescription isodose of around 60–80 %. However, unlike intracranial radio-
surgery, inter- and intra-fraction target movement is a signifi cant problem, increas-
ing the risk of irradiating normal tissue, or missing the tumor, during treatment. 
Also we are treating at sites where the overwhelming clinical experience and evi-
dence is with conventional fractionation. Conceptually, moving to a single large 
fraction is big step. The linear quadratic model and its derivatives can help clini-
cians to predict tissue response to altered fractionation regimes. However, there has 
been concern that it does not accurately predict tumor cell response at the higher 
doses per fraction (>10 Gy) seen with stereotactic treatment [ 11 ]. At these doses it 
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is not clear to what extent modest fractionation (2–5 fractions) differs from a single 
fraction with respect to tumour response and normal tissue effects. 

 Unsurprisingly, therefore, there has been a large variation in dose and fraction-
ation across SBRT series published to date. Whilst some SBRT centres adopt a 
“single large fraction” strategy for many patients, other centres would prefer to 
fractionate in similar cases. Current regimes have in many cases been derived 
empirically, often the result of cautious dose escalation. 

 See also Chap.   5    .  

1.3     Overview of SBRT Systems 

 A number of modern linacs with on-board imaging capabilities meet the basic 
image guidance requirements for delivering SBRT (e.g. Varian TruBeam, Elekta 
Synergy). A micro-multi leaf collimator can be added to produce the required 
degree of conformality for stereotactic plans. 

 More recently we have seen the introduction of linacs fully adapted as integrated 
stereotactic delivery systems. Novalis TX has a Varian Trilogy linac base with micro 
(2.5 mm) MLC, together with Brainlab ExacTrac image guidance and 6D Robotic 
Treatment Couch, and associated software. Elekta Axesse is a similar integrated 
system. 

 The TomoTherapy System (Accuray Inc, Sunnyvale, CA) has a ring gantry as 
used in diagnostic CT scanners, and delivers helical IMRT via thousands of small 
beamlets. Couch movement is continuous during radiation delivery. The system has 
on-board image guidance with megavoltage CT. 

 The Cyberknife (Accuray, Sunnyvale, CA) is an image-guided robotic radiosur-
gery system. A compact 6 MV x-band linac is mounted on a six joint robotic arm. 
This provides huge fl exibility in beam pattern generation, allowing the system to 
produce very conformal, non-isocentric plans with a steep dose gradient around the 
target. Near real-time imaging is achieved using two diagnostic x-ray sources posi-
tioned orthogonally in the treatment room. Targets that move with breathing can be 
tracked using the Synchrony respiratory tracking system. Thus the system can correct 
for both inter- and intra-fraction target movement, which obviates the need for a ste-
reotactic frame. Total system accuracy has been found to be less than 1 mm [ 12 ,  13 ]. 

 See also Chap.   3    .  

1.4     Respiratory Motion 

 With thoracic or upper abdominal SBRT we face the additional challenge of 
accounting for intra-fraction target movement with breathing. The majority of the 
published data come from centres using gantry-based linacs with vacuum and/or 
frame body immobilisation, and diaphragmatic pressure to reduce breathing 
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movement. Respiratory gating methods such as Active Breathing Control (used in 
some series) have sought to reduce the volume of tissue irradiated by requiring a 
smaller GTV-PTV margin. The latest gantry-based stereotactic systems (eg Novalis 
TX) allow respiratory gating using infra-red chest wall tracking and intra-fraction 
x-ray imaging. 4-D CT planning allows the construction of an internal target vol-
ume which takes into account the tumour position at all phases of the respiratory 
cycle. It has been shown to increase the accuracy of, and reduce the volume of nor-
mal tissue irradiated in conformal radiotherapy, and is now being used in some lung 
SBRT centres. 

 For Cyberknife, the Synchrony Respiratory Tracking System monitors chest 
wall movement continuously via an infra-red camera and LEDs placed on the 
patient’s chest. Regular static KV images of the tumour are taken during setup and 
treatment, and correlated with chest wall movement. A regularly updated predictive 
model is generated which anticipates future tumour movement with breathing, and 
the robotic arm moves the radiation beam accordingly. The total accuracy for mov-
ing targets has been reported as 1.5 mm. “Xsight Lung” is a further software devel-
opment for Cyberknife, which allows the tracking of certain peripheral lung lesions 
(within strict parameters) without the need for implanted fi ducials.  

1.5     Summary of Major SBRT Indications 

1.5.1     Primary Non-Small Cell Lung Cancer (NSCLC) 

 There are several important published series of lung SBRT. The largest is a Japanese 
retrospective review of 257 patients from 14 institutions [ 14 ]. Patients had resect-
able stage I disease, but were either medically inoperable or declined surgery. There 
was considerable variation in immobilisation and respiratory motion management 
protocols, and also heterogeneity of dose and fractionation (30–84 Gy in 1–14 frac-
tions). Five year actuarial local control rates were 84 % for patients receiving a BED 
of 100 Gy or more (based on assumed tumour α/β of 10) and 37 % for those receiv-
ing less than 100 Gy. Five year overall survival for medically operable patients 
receiving the higher dose range was 71 %. This was achieved with relatively low 
rates of radiation toxicity. 

 There have also been a number of published series of linac-based lung SBRT 
from European centres [ 15 – 19 ], reporting 88 % local control at around 3 years. 

 A phase 2 study enrolled 70 inoperable Stage I patients with peripheral or central 
(within 2 cm of the proximal bronchial tree) tumours, giving 60–66 Gy in 3 frac-
tions. Two year LC and OS were estimated at 95 and 54 % respectively. However, 
eight patients developed grade 3–4 pulmonary or skin toxicity, and there were six 
possible cases of grade 5 pulmonary toxicity. The risk of severe pulmonary toxicity 
was 11 times higher for central, compared to peripheral, tumours [ 20 ]. On the basis 
of these results, centrally located tumours, as defi ned above, were excluded from 
two subsequent phase II trials. 

1 Introduction to Stereotactic Body Radiotherapy
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 For central tumours, the maximum tolerated dose is still under investigation. 
Chang et al. treated a series of 27 centrally or superiorly located lesions with a 
slightly more modest dose of 40–50 Gy in 4 fractions. At a median of 17 months, 
there was no local recurrence seen in the 20 patients receiving 50 Gy (BED 
112.5 Gy). There were three cases of grade 2–3 skin/chest wall toxicity and one 
brachial plexopathy, related to a large volume of plexus receiving 40 Gy. However 
there was no observed grade ≥3 pulmonary or oesophageal toxicity [ 21 ]. RTOG 
0813, a phase I/II dose escalation trial, is underway for central stage I tumours in 
medically inoperable patients. 

 There have been a number of published series of primary lung SBRT using 
Cyberknife [ 22 ,  23 ]. Brown et al. treated 59 stage I patients with peripheral tumours. 
Doses ranged from 15 to 67.5 Gy in 1–5 fractions. With follow up ranging from 1 
to 33 months, only 10 % patients had persistent or recurrent disease, and OS was 
86 % [ 23 ]. 

 SBRT appears to be a safe and effective treatment for early stage NSCLC. With 
respect to LC, achieving a BED of >100 appears to be very important. Unfortunately 
there are still no published randomised data comparing SBRT and surgery for oper-
able patients with early stage disease. However, these trials are now underway. 
ROSEL is a Dutch multi-centre phase III randomised study of linac-based SBRT vs 
surgery for peripheral Stage 1A NSCLC. The Lung Cancer STARS Trial is an inter-
national phase III trial of SBRT with Cyberknife vs Surgery for Stage IA or IB 
patients (maximum diameter <4 cm). Peripheral tumors receive 60 Gy in 3 frac-
tions, and central tumors 60 Gy in 4 fractions. It will be some time before these 
trials produce mature data, and in the meantime surgery remains the standard of 
care. For the large number of medically inoperable patients, SBRT has emerged as 
the best treatment option. 

 See also Chap.   8    .  

1.5.2     Lung Oligometastases 

 The term “oligometastases” refers to a fi nite small number of metastases (usually 
≤6) confi ned to a single or limited number of organs. Long term follow up of 
patients following surgical resection of lung and liver metastases has shown that 
some of these patients are effectively cured following surgery [ 24 ,  25 ]. For  example, 
in an analysis of over 5,000 patients with lung metastases, the survival following 
complete surgical resection was 36 % at 5 years and 22 % at 15 years [ 24 ]. Thus in 
some cancers, there appears to be a stable tumor state somewhere between purely 
localised and widely metastatic. This, together with the results of administering 
ablative doses of radiation to primary lung tumors, has led to increasing interest in 
the use of SBRT for oligometastases. 

 The early data on SBRT for pulmonary metastases emerged as heterogenous pub-
lished series including both primary and metastatic lung lesions. Wulf et al. [ 15 ] 
demonstrated that with 9 months median follow up, local recurrence/progression was 
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seen in 5 of 51 metastatic lesions. Once again there was evidence of a dose- response 
relationship, as four of these fi ve lesions had received the lowest dose (3 × 10 Gy). In 
a subsequent publication from the same centre, at 18 months median follow up they 
reported recurrence in 6 of 48 metastatic lesions, giving a crude LC rate of 88 %. 
Symptomatic pneumonitis was seen in 10 % of patients, with one case of grade 3 
pneumonitis [ 26 ]. Similar results have been seen in other such series [ 27 ,  28 ]. 

 More recently, several series of purely metastatic lung cases have been reported 
[ 29 – 31 ] with similar results. 

 As with primary NSCLC, there are as yet no published randomised data compar-
ing surgery and SBRT for oligometastatic lung disease, but the results seen are 
encouraging, and the non-invasive approach with low risk of toxicity makes it an 
attractive option for these patients. 

 See also Chaps.   8     and   13    .  

1.5.3     Liver Metastases 

 As with lung metastases, surgical series of metastectomy for liver metastases have 
shown a proportion of long term survivors. In a series of 1,000 patients from 
Memorial Sloan-Kettering Cancer Center with resectable liver-only metastases 
from colorectal cancer, survival was 37 % at 5 years and 22 % at 10 years [ 25 ]. 
Surgery remains the gold standard for resectable disease, but many patients are 
unresectable, either due to the extent of metastatic disease, insuffi cient functional 
liver reserve or general medical condition. There has therefore been interest in 
potentially curative, non-surgical options for unresectable patients with oligometa-
static disease. Radiofrequency ablation (RFA) is widely practiced with local control 
rates comparable to surgery for lesions less than 3 cm [ 32 ], but lesions close to large 
vessels or the diaphragm are contraindicated for this technique. Transarterial 
embolisation, chemoembolisation, irreversible electroporation and radioembolisa-
tion are further options. 

 Whilst whole liver radiation has been used in the past for palliation [ 33 ], the 
radiosensitivity of normal liver tissue has limited the ability to deliver a radical dose 
to oligometastases in the liver using conventional radiotherapy techniques. Radiation 
induced liver disease (RILD) is now well documented as a potentially life- 
threatening condition. SBRT offers the opportunity to deliver ablative doses, whilst 
staying within acceptable liver DVH constraints. 

 Patients with liver metastases formed part of Blomgren et al’s early series of 
SBRT using the Elekta stereotactic body frame [ 34 ]. Since then there have been a 
number of published series and early phase trials in this area [ 35 ]. Stanford 
University has published single fraction Cyberknife experience in liver mets [ 36 ]. 

 Other centres have adopted a 3-fraction approach to treating liver metastases. In 
a phase I study by Schefter et al. for 18 patients with 1–3 metastases, the dose was 
escalated from 36 to 60 Gy without causing any dose-limiting toxicity. In fact, no 
toxicity >grade 1 was recorded. Patients were treated with linac-based SBRT, using 
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a body frame and either abdominal compression or Active Breathing Control to 
account for respiratory motion. Final results of a subsequent multi-institutional 
phase II study from the same group have recently been published [ 30 ]. All patients 
received 60 Gy in 3 fractions. Thirty six of the 47 patients were assessable for LC, 
which was estimated to be 92 % at 2 years (100 % for lesions <3 cm diameter). OS 
was 30 % at 2 years, although 45 % patients had active extrahepatic disease at the 
time of treatment. Other series also show promising results [ 37 ,  38 ]. 

 See also Chap.   9    .  

1.5.4     Primary Liver Tumours 

 Wherever possible, surgery is the treatment of choice for primary hepatocellular 
carcinoma (HCC), but a signifi cant number of patients are not suitable for either 
resection or liver transplantation. Studies have shown RFA and Transarterial 
Chemoembolisation (TACE) to be effective treatments, but again not all patients are 
suitable. In primary liver disease, SBRT has been used predominantly in patients in 
whom other local treatments are not suitable, or who have recurred following previ-
ous local treatment. There have also been exclusive published SBRT series of pri-
mary liver tumors [ 39 ,  40 ]. 

 Princess Margaret Hospital published a parallel phase I study of 41 patients with 
unresectable HCC or intrahepatic cholangiocarcinoma (IHC). Patients were required 
to have Child-Pugh A liver function, and >800 cc of uninvolved liver, but tumor 
sizes were large. One year LC was 65 %, with 51 % 1 year OS. There was no RILD 
or DLT, but a high incidence of grade 3 liver dysfunction [ 39 ]. Choi et al. reported 
results of SBRT for 20 patients with HCC. 80 % patients had at least partial response 
and 2 year OS was 43 %, with no toxicity ≥grade 3 [ 40 ]. 

 Mirabel has reported the Lille experience of treating HCC and liver metastases 
with Cyberknife. Twenty one patients with HCC received 45 Gy in 3 fractions. One 
year progression free survival was 94 % and median survival estimated at 18 months. 
There was one case of grade 3 duodenal stenosis [ 41 ]. There have also been pub-
lished series of both Cyberknife and linac-based SBRT used in combination with 
TACE for HCC, showing that these two modalities can be safely used together 
where appropriate [ 42 ,  43 ]. 

 See also Chap.   9    .  

1.5.5     Pancreas 

 Surgery is the standard of care for pancreatic cancer, but unfortunately only 10–20 % 
of patients are diagnosed with resectable disease. Patients with metastatic disease at 
diagnosis proceed directly to systemic therapy. For locally advanced non-metastatic 
or medically inoperable patients, the optimum treatment is less clear. Trials have 
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shown chemoradiotherapy to improve survival compared to radiotherapy alone 
[ 44 ,  45 ], but there is confl icting evidence as to whether chemoradiotherapy is supe-
rior to chemotherapy alone, both in comparisons with 5 FU-based chemotherapy 
[ 46 ,  47 ], and with newer gemcitabine-based regimes [ 48 ,  49 ]. 

 Local failure is still a problem in patients treated with CFR. The radiotherapy 
dose prescribed is limited by small bowel and, especially, duodenal toxicity, 
although the latter becomes less important following palliative gastrojejunal bypass 
surgery, which is performed in some centres. The development of conformal radio-
therapy has led to interest in the possibility of safe dose escalation to achieve better 
LC. A Dutch phase II study treated patients with a dose of 70–72 Gy in 2 Gy frac-
tions, but LC with median 9 months follow up was only 56 % [ 50 ]. There were also 
unacceptable normal tissue effects, with 9 % grade 3 acute toxicity and 18 % grade 
3–5 late toxicity, including three deaths due to GI bleeding. 

 There has been hope that SBRT may succeed where CFR has failed in safe and 
effective dose escalation. Hoyer et al. treated 22 patients with locally advanced pan-
creatic cancer, with a dose of 45 Gy in 3 fractions. LC at 6 months was again disap-
pointing at 57 %, and median survival only 5.4 months, with 95 % developing 
metastatic disease at the time of recurrence. Furthermore, 64 % patients experienced 
≥grade 2 toxicity, including one case of non-fatal gastric ulcer perforation [ 51 ]. 

 Other published results have, however, been more promising. Koong et al. used 
single fraction Cyberknife radiosurgery for patients with locally advanced disease. 
Two of the 15 patients had received prior chemoradiotherapy to 50 Gy. The dose 
started at 15 Gy and was increased to 25 Gy in 5 Gy increments. No toxicity ≥grade 
3 was reported, although median follow up was only 5 months. In the group receiv-
ing 25 Gy, LC was achieved until death or end of follow up. However, median sur-
vival was only 11 months for the whole study group [ 52 ]. 

 More recently, an updated series of 77 patients treated with a 25 Gy single frac-
tion has been published by the same institution, with 6 months median follow up 
[ 52 ]. Whilst this is the largest series of SBRT for pancreatic cancer to date, it is 
heterogenous. Nineteen percent patients had metastatic disease and 10 % had recur-
rent local disease. Also 27 % were resectable, with surgery not possible due to either 
medical reasons or metastatic disease. Nevertheless, the results confi rm that this 
regime provides good LC, with estimated 84 % freedom from local progression at 
12 months. Unfortunately median survival was still only 6.7 months from time of 
radiosurgery treatment, although only 9 % of patients had received chemotherapy. 
Ten percent patients developed ≥grade 3 acute or late GI toxicity. 

 Whilst SBRT can signifi cantly reduce local recurrence, and may improve quality 
of life as a result, there is no evidence yet that it improves overall survival. It should 
be stressed that systemic therapy is central to the management of locally advanced 
patients, as most will still die of metastatic disease. With this in mind, a short course 
of stereotactic radiotherapy is much less likely to interfere with a patient’s systemic 
therapy regime, than 5–7 weeks of CFR. Patients with at least stable disease after 
initial chemotherapy and a PET scan negative for distant disease at that time are the 
ones most likely to benefi t from stereotactic radiotherapy to the primary tumour. 

 See also Chap.   10    .  
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1.5.6     Kidney 

 Renal cell carcinoma (RCC) has traditionally been viewed as a radioresistant 
tumour, as results of CFR on primary and metastatic lesions have been disappoint-
ing. However, published series of radiosurgery for metastatic RCC in the brain have 
shown that the tumour is sensitive to hypofractionated treatment [ 53 ,  54 ]. This has 
led to interest in the use of SBRT for primary RCC [ 55 ], and for extracranial oligo-
metastatic RCC [ 56 ]. 

 Wersall et al. published the Karolinska Institute 5 year experience of linac-based 
SBRT in RCC (primary and metastatic tumors). They treated 162 lesions in 58 
patients, including eight inoperable primary tumors and 117 lung metastases. Dose 
was heterogenous, varying between 25 and 45 Gy in 2–5 fractions according to the 
size and location of the lesions. Overall LC was impressive at 90 % with median 
37 months follow up. However, 40 % patients experienced side effects, and half of 
the registered side effects were grade 3 in severity [ 57 ]. The authors published pro-
spective phase II results the following year, which confi rmed the impressive LC 
seen with their technique (98 % in the 82 treated RCC lesions) [ 58 ]. Seventy-three 
percent of patients with metastatic disease at the time of treatment developed new 
metastases during follow up. 

 Given the unpredictable natural history of renal cell metastases, we need ran-
domised data to determine whether an aggressive management strategy, involving 
SBRT, signifi cantly improves survival in oligometastatic RCC. 

 See also Chap.   12    .  

1.5.7     Prostate 

 There is randomised evidence showing that dose escalation in CFR for localised 
prostate cancer results in improved biochemical progression free survival, at the 
expense of an increased risk of late rectal toxicity [ 59 ,  60 ]. There is also increasing 
evidence to suggest that the α/β ratio of prostate cancer is considerably lower than 
many other cancers, and indeed lower than that of the surrounding organs at risk 
[ 61 ]. The precise value is still uncertain, although has been estimated to be as low 
as 1.2 [ 62 ]. If this is true, and if we assume that the linear quadratic model holds 
suffi ciently at moderate doses per fraction (2.5–8 Gy), then hypofractionation 
should improve the therapeutic ratio of prostate radiotherapy. A number of ran-
domised trials of hypofractionation are underway. 

 SBRT has been shown to produce favourable rectal DVHs when compared to 
IMRT and conformal 3-D CFRT [ 63 ]. This, together with the extreme hypofraction-
ation of stereotactic treatment, would suggest that a stereotactic approach could 
signifi cantly improve the therapeutic ratio of prostate radiotherapy, in addition to 
the obvious convenience to patients and radiotherapy departments of shorter courses 
of treatment. Published series have looked at predominantly low risk localised pros-
tate carcinoma, as the risk of microscopic disease outside the gland is very low. 
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There is also early interest in using SBRT as a boost following CFR for intermediate 
and high risk patients. 

 Madsen et al. published a series of forty low risk patients treated with SBRT 
using a conventional linac with stereotactic cones. Patients were treated in a “fl ex- 
prone” position with inserted fi ducial markers for on-line image guidance, and six 
stationary noncoplanar fi elds. A dose of 33.5 Gy in 5 fractions was used, as this is 
equivalent to 78 in 2 Gy fractions to the tumour, assuming a α/β of 1.5. With a 
41 month median follow up, the actuarial 4 year biochemical progression free sur-
vival was 90 %. One case of acute grade 3 urinary toxicity was reported, and there 
was no late toxicity ≥grade 3 [ 64 ]. 

 King et al. have reported preliminary results of a phase II clinical trial of prostate 
SBRT using Cyberknife [ 65 ]. Forty-one low risk patients were treated with 36.25 Gy 
in 5 fractions either daily or on alternate days. Seventy-eight percent of the 32 
patients with minimum 12 months follow up achieved a PSA nadir ≤0.4, and the 
results show that the nadir continues to fall up to and beyond 3 years. There were no 
cases of PSA failure with median 33 months follow up. There were two cases of 
grade 3 late urinary toxicity, but no ≥grade 3 rectal toxicity. 

 The planning method described by King et al. aims for a relatively homogenous 
dose distribution within the PTV. This differs from HDR brachytherapy, a technique 
with proven effi cacy [ 66 ,  67 ], where there is substantial heterogeneity of dose within 
the target, often with high dose in the peripheral zone of the gland. Fuller et al. have 
adopted a different approach to Cyberknife prostate radiotherapy, aiming to mimic 
the dosimetry achieved with HDR brachytherapy [ 68 ]. They have published early 
results of ten low and intermediate risk patients treated in this way, using a dose of 
38 Gy in 4 fractions—a standard HDR brachytherapy dose. For each plan, a corre-
sponding simulated HDR brachytherapy plan was produced. Qualitatively, Cyberknife 
achieved a similar PTV coverage, but lower urethral dose and sharper rectal dose 
falloff. Follow up is currently too short to assess effi cacy. Both Cyberknife dosimet-
ric approaches are under further evaluation in the US, in multicentre phase II trials. 

 See also Chap.   11    .  

1.5.8     Vertebral Metastases 

 Conventional radiotherapy is widely used in the management of spinal metastases, 
for local control, palliation of pain and treatment of spinal cord compression. 
However, the prescribed dose is limited by spinal cord and cauda equina radiation 
tolerance. The steep dose fall off seen with SBRT allows for delivery of a higher 
dose to the tumor, whilst staying within cord tolerance. Spinal SBRT has, in many 
ways, developed from intracranial radiosurgery, with heavy neurosurgical involve-
ment. It is unsurprising, therefore, that many of the published series of spine SBRT 
have used single fraction treatments. 

 Chang et al. have reported on a Phase I/II trial of linac-based, intensity- modulated 
SBRT (IMSBRT) for spinal metastases, using a body frame and “near simultaneous” 
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CT image-guided treatment. Forty-six percent patients had had previous spinal sur-
gery. Using a dose of 30 Gy in 5 fractions or 27 Gy in 3 fractions, 1 year LC was 
84 % for the 74 treated lesions, and mean pain scores were signifi cantly reduced. 
There were three cases of acute grade 3 toxicity, but no signifi cant late toxicity [ 69 ]. 
There have been other reports of IMSBRT for spinal metastases [ 70 – 73 ], including 
series using the Brainlab Novalis system [ 71 ,  72 ] and Tomotherapy [ 73 ]. 

 There have been a number of publications of Cyberknife SBRT in this setting 
[ 74 – 79 ]. Gerszten et al. published a series of 500 metastatic spinal lesions in 393 
patients [ 74 ]. Sixty-nine percent lesions had received previous radiotherapy, such 
that any further meaningful conventional irradiation was not possible. Cervical 
lesions were tracked relative to skull bony landmarks; lesions at other levels required 
intraosseus gold fi ducial insertion for system tracking. Patients received a single 
fraction of 12.5–25 Gy, depending on previous radiation dose and proximity to 
cord/cauda, and median follow up was 21 months. LC was 90 % in patients with no 
prior radiotherapy, and 88 % overall. Long term pain improvement was seen in 
86 % of patients in whom the indication for treatment was pain. There were no cases 
of radiation myelopathy observed in the follow up period. Smaller, more specifi c 
series of patients with spinal metastases from primary melanoma [ 75 ], breast [ 76 ], 
lung [ 77 ] and renal cell carcinoma [ 78 ] have also been published by the same 
authors. 

 Since the above patients were treated, Accuray have introduced “Xsight Spine” 
software for Cyberknife, which verifi es tumour position relative to bony landmarks 
throughout the spine, thus allowing fi ducial-free tracking of spinal lesions. The total 
system error of the Xsight targeting technology has been reported as 0.61 mm. 

 Wowra et al. reported the Munich experience of single fraction Cyberknife radio-
surgery. With a prescribed dose of 15–24 Gy, 348 lesions were treated in 287 
patients. Forty-nine of these patients had benign spinal tumours. With median 
9.6 months follow up, LC was 94 % for malignant and 100 % for benign lesions. 
There have been seven cases of late toxicity: one patient with myelopathy, two with 
spinal instability, and three with tumour haemorrhage [ 79 ]. 

 See also Chap.   7    .  

1.5.9     Primary Spinal Tumors 

 Microsurgical resection is a safe and effective treatment for benign spinal tumours 
[ 80 ]. However, surgery may not always be possible, for example with post-surgical 
recurrence or medical comorbidity. SBRT is a useful treatment in these situations. 

 Several series of Cyberknife SBRT for benign intradural tumours have been pub-
lished [ 81 – 84 ]. From Stanford University, Dodd et al. [ 81 ] treated 55 tumors in 51 
patients in whom surgery was contraindicated. Doses ranged from 16 to 30 Gy in 
1–5 fractions, although 80 % of patients were treated with 1 or 2 fractions. Median 
follow up was 23 months. There was evidence of tumour growth post treatment in 
one patient, but LC was 100 % in those followed up for more than 2 years. 
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 Similarly, Gerszten et al. have reported on 73 intradural lesions treated with 
Cyberknife, using a single fraction of 12–20 Gy. With 37 months median follow up, 
LC was once again 100 %, and there was long term improvement in pain scores in 
73 % patients [ 82 ]. 

 There have been smaller, more specifi c published series of SBRT for nerve 
sheath tumours [ 85 ], chordomas [ 86 ] and sarcomas [ 87 ]. Stanford University have 
also published a series of spinal AVMs treated with Cyberknife [ 88 ], although fur-
ther work is needed here to establish effi cacy and optimum radiation dose. 

 Late spinal cord toxicity is one of the major concerns when planning radiother-
apy to spinal lesions. In the largest published retrospective review, 1,075 patients 
with primary or metastatic tumours were treated with Cyberknife at Stanford or 
Pittsburgh Universities between 1996 and 2005. Six patients developed radiation- 
induced late myelopathy at 2–9 months after treatment. In three of these patients, 
symptoms improved with intervention, and one patient progressed to paraplegia. 
Specifi c dosimetric factors associated with development of myelopathy could not be 
identifi ed [ 89 ]. 

 The data presented for both primary and metastatic lesions show SBRT can 
safely administer higher doses to spinal tumours than is possible with conventional 
radiotherapy. It is also a non-invasive alternative to surgery for spine metastases, 
both as primary treatment in unirradiated patients, and as a salvage technique for 
progressive disease in previously irradiated patients. It has been shown to improve 
disease-related pain and neurological symptoms. However, once again there are no 
randomised data comparing SBRT and surgery. Surgery remains the optimum strat-
egy for intradural primary tumours, and, where possible, would be the favoured 
option in metastatic cases where spinal stabilisation or signifi cant neural decom-
pression is required [ 90 ,  91 ]. 

 See also Chap.   7    .   

1.6     Conclusion 

 Advances in image guidance and radiotherapy planning software, together with 
improved accuracy of treatment delivery, have led to the successful use of stereo-
tactic radiotherapy for extracranial targets. Careful patient selection is especially 
important. As the volume of normal tissue at the target periphery is related to the 
cube of the radius, smaller lesions are preferable. The steep dose falloff outside the 
target volume means that lesions with unclear, infi ltrative margins should be 
avoided. In patients with active disease distant to the treatment site(s), SBRT is 
unlikely to improve survival, although may achieve good palliation through local 
control. Similarly, in radical treatment, the risk of distant micrometastatic disease 
must be carefully considered before proceeding. These qualifi cations aside, Phase 
I/II data appear very promising, with excellent local control rates at a number of 
treatment sites. The results of phase III comparisons with surgery are eagerly 
awaited.     
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    Chapter 2   
 History and the Technological Evolution 
of Stereotactic Body Radiotherapy 

             Dharanipathy     Rangaraj       and     Lech     S.   Papiez   

    Abstract     After the discovery of use of therapeutic radiation, tremendous advances 
have been made towards targeted radiation. 3D conformal and intensity modulation 
have led to conformal therapy minimizing normal tissue toxicity. Improvements in 
diagnostic technology in delineating tumors, complex planning algorithms, robotic 
tracking devices, and megavoltage and particle beams have led to use of ablative 
radiation in the body with minimal side effects.  

  Keywords     Stereotactic radiosurgery   •   Extracranial   •   Hypofractionation  

2.1         Introduction 

 Traditional radical radiation therapy delivery requires multiple fractions of 1.5–3 Gy 
administered daily over a period of 3–7 weeks. These regimens have been derived 
and calculated from widely accepted models of the radiobiological effect of X rays 
on human tissue. However, hypo-fractionated, or even single large dose fraction 
treatments, were practiced in early days of application of X-rays in the treatment of 
cancer. It has been observed that large doses per fraction were tumorcidal, espe-
cially for epithelial tumors, but early clinical experience provided also lessons 
regarding the balance between tumor control and normal tissue toxicities. Early 
evaluations of radiation therapy showed that the delivery of large dose per fraction 
treatments was leading to unacceptably high acute and consequential late normal 
tissue toxicities. Therefore, quite early in the development of radiation therapy these 
schedules were abandoned because of complications such as fi brosis, stenosis, and 
vascular injury. Data collected at the initial stages of the development of radiation 
therapy supported the understanding that large dose single fractions lead to unac-
ceptable treatment complications. 
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 The ability to manage the parameters underlying the unfavorable results for large 
dose per fraction therapy was severely limited in the early days of radiation therapy 
by the immature technologies of dose delivery. Particularly unfavorable were the 
relatively low energies of external beams used in the therapy. They were responsible 
for delivering large doses to normal tissues that were situated between skin and the 
target. These early experiences and their impact on the acceptance of particular 
fractionation schemes have been largely forgotten by later practitioners of radiation 
therapy, even when the megavoltage energies started to become available in radia-
tion therapy. The paradigm of delivering a dose in small daily fractions has been 
taken for granted, and disconnected from the refl ection that early treatments suf-
fered multiple dosimetric limitations resulting from inadequate physical parameters 
of beams and unsophisticated therapy delivery technology. The exception to this 
was the treatment proposed by neurosurgeons in the Karolinska Institute; Dr. 
Leksell, inspired by the availability of high energy, megavoltage Cobalt beams, 
designed the radiosurgical treatment technique for brain known as Gamma Knife. 
The technique was not only utilizing the ability to move highly energetic photons to 
the targeted tissue in brain without depositing excessive energy to cells located 
between beam entrance at the skull surface and the target, but also relying on the 
relatively small separation distance between target tissue and the skull surface, and 
on limiting dose to healthy tissue by moving photons concentrically on the target 
from many directions (using 201 Cobalt sources). 

 Characteristic of this technique was that volumes exposed to high dose were rela-
tively small in comparison to the total mass of brain tissue and delivered with high 
geometrical precision to targets (brain structures have fi xed position relative to the 
skull). These properties of permanent localization of brain structures relative to the 
skull were helping to achieve the high accuracy of dose delivery when assisted by 
precise fi xation of the skull relative to the Gamma Knife focus through a frame 
attached surgically to the patient’s skull. The precision achieved by the attachment 
of the frame to the skull made it very inconvenient to irradiate brain in multiple frac-
tions; therefore the regime of single fraction treatment was established for this 
radiosurgical procedure. The single fraction treatment made radiation oncologists 
who were practicing multi-fraction radiotherapy delivery skeptical about the radio-
surgical treatment mode. Nevertheless, positive outcomes of these treatments accu-
mulating over many years of clinical use of the technique (high success in target 
ablation and relatively small treatment toxicity with limited and manageable com-
plications) gave enough evidence to reconsider the paradigm of multi-fraction treat-
ments in radiotherapy. 

 Attempts to transfer the Gamma Knife experience to extracranial treatments 
were tried in Karolinska. However, initial attempts to transfer Gamma Knife experi-
ence to extracranial sites exposed differences in both therapies that pose technical 
diffi culties [ 1 ]. 

 First of all most extracranial structures are not fi xed in position relative to the 
skin and so having information about location of the body surface relative to accel-
erator focus (isocenter) does not guarantee that the target is precisely positioned 
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relative to irradiating beams. Moreover, extracranial organs are moving both 
 interfraction and intrafraction, and so their location at treatment may be different 
from their location at simulation and planning, even if we were able to reproduce 
the position of the target relative to machine focus with perfect precision before 
treatment was initiated. Therefore therapy practitioners who wanted to transfer cra-
nial radiosurgery experience to extra cranial targets faced considerable technical 
challenges. The precise positioning of the target in the isocenter of the machine 
required setting a target by coordinate system derived from imaging of the body, 
together with verifi cation that body geometry during treatment was close to identi-
cal to body geometry at the time of simulation and planning. Finally, there was a 
clear indication of the need for elimination, or signifi cant suppression at least, of the 
body structures motion during treatment. 

 These conditions were to a large degree achieved by the body frame designed for 
this treatment in Karolinska by Drs. Henrik Blomgren and Ingmar Lax [ 1 ]. A treat-
ment technique for extracranial radiosurgery was thus proposed by these research-
ers. The body frame allowed comfortable repositioning of the patient’s body relative 
to the frame, equipped with metallic fi ducial markers determining the system of 
coordinates relative to the frame geometry that was easily and accurately localizable 
relative to the room coordinate system of the simulator and the treatment 
accelerator. 

 The abdominal compression attached to the body frame allowed for minimiza-
tion of respiratory motion of the organs within the chest and abdomen. Reproducible 
positioning of the patient’s body with respect to frame assured, after accurate place-
ment of the frame within the room system of coordinates, close correlation between 
treatment room system of coordinates of the target and organs at risk relative to 
accelerator isocenter and relative to spatial geometry of treatment beams. 

 Rescanning patients before each treatment fraction assured moreover the geom-
etry of the body at treatment conformed to the body geometry at simulation and 
planning as referred to the body frame. Application of abdominal compression 
made the breathing motion small enough to keep margins around the target from 5 
to 10 mm guaranteeing the volume of high dose exposure to be small. To keep the 
volume of normal tissues exposed to high dose per fraction in extracranial radiosur-
gery small, the original recommendation for hypofractionated treatment was to not 
treat targets exceeding 7 cm diameter. The fi nal recommendation of Karolinska cli-
nicians was that multiple beams converging on the target are used to concentrate 
high dose volume only in the target and its close vicinity. Following these recom-
mendations assured that the dose distribution in extracranial radiosurgery was simi-
lar with standards of dose distribution utilized by Gamma Knife intracranial 
radiosurgery. These properties of extracranial dose characteristics gave them the 
confi dence of recommending hypofractionated treatment, following the experience 
of Gamma Knife cranial radiosurgery. Generally three to fi ve fractions (ranging 
between 8 and 20 Gy. per fraction) were used for extracranial radiosurgery with 
these characteristics. To obviate radiobiological uncertainties, these treatments were 
recommended initially for targets situated in parallel organs such as lung and liver.  
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2.2     Clinical Evolution of SBRT 

 The early extra cranial radiosurgery (now called – stereotactic body radiation ther-
apy – SBRT) that followed guidance from the Karolinska group required consider-
able effort from radiation oncologist, radiotherapy physicist, dosimetrist and 
radiotherapist to ensure the treatment conformed to all requirements considered 
necessary for successful therapy. To ensure success of the treatment it was neces-
sary to (with CT or MRI) simulate the patient carefully within the stereotactic frame 
when the patient was immobilized with abdominal compression applied, and spatial 
parameters recorded that located the patient relative to the frame and estimated the 
motion of the target subsequent to abdominal compression. Treatment planning 
demanded the identifi cation of target relative to internal fi ducial markers determin-
ing the position of the target within the body frame coordinate system, and then 
application of multiple beams (including non-coplanar beams for minimization of 
volume exposed to over the threshold dose) as well as careful analysis of DVH, and 
limiting of dose to sensitive structures in the vicinity of the target. 

 Before each treatment the patient had to be placed cautiously in the frame to 
reproduce the position of the body relative to the frame as performed during simula-
tion. Nevertheless, even perfect reproduction of the surface and body bony land-
marks with respect to the stereotactic frame was not a guarantee of the same relation 
of the soft tissue target relative to the frame. Therefore, there was a need to verify 
position of the target location within soft tissue before treatment initiation, by res-
canning the patient in the frame. The comparison of body images prepared for treat-
ment with images at simulation had to be evaluated by the radiation oncologist who 
would then decide if the treatment with parameters derived at planning could pro-
ceed, or required correction in placement of the frame relative to treatment room 
coordinate system. The whole process of patient setup for treatment, excluding time 
of rescan lasted 30–40 min and when time of treatment was added (with many 
beams and the large number of monitor units characteristic for hypo-fractionated 
therapy), the entire process of one fraction of treatment took around 1 hour. 

 This relative ineffi ciency of treatment in SBRT has made many physicians scep-
tical about the potential of this technique to become mainstream. However, it is 
worth bearing in mind that typical SBRT therapy needs only 1–5 fractions for the 
completion of the full therapy, making it still effi cient when comparison of the total 
time of therapy is performed between SBRT and traditional fractionation. 

 In the USA the fi rst center that regularly applied SBRT technique in the treat-
ment of patients was Indiana University Department of Radiation Oncology, where 
Dr. R. Timmerman who had abundant experience in cranial radiosurgical therapy 
endorsed with enthusiasm the idea of extracranial radiosurgery [ 2 – 4 ]. The tech-
nique was routinely used originally for lung cancer patients who volunteered for 
this irradiation when faced with the choice of being untreated (inoperable lung can-
cer) or risking the potential futility of traditional fractionation radiation therapy. 
When the results from the internal Indiana University protocol were positive (high 
local control with limited toxicities observed) the natural next step was to test the 
technique in multi-institutional protocols. 
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 Therefore, being encouraged by results of internal protocol Dr. Timmerman’s 
group decided to design a national protocol for lung cancer treatment with extracra-
nial radiosurgery technique. The primary goal of the national protocol was initially 
a phase 1 dose escalation trial to establish the appropriate dose in three equal frac-
tions to be delivered to tumor in the lung with the goal of target ablation, whilst 
preventing signifi cant toxicity [ 5 ]. The trial results have shown that dose can be 
escalated to 18–20 Gy. per fraction (with total of three fractions) resulting in local 
tumor control exceeding 90 %. These results were diffi cult to ignore and interest in 
the SBRT technique caught the attention of radiotherapy practitioners in the 
USA. Similar advances were also being made in other countries [ 6 ].  

2.3     Devices, Delivery System and Localization: Early 
Techniques and Technology 

 Fortunately these developments coincided with advances in radiotherapy image 
guidance that enabled SBRT treatment set up to be less complex than was initially 
required. The important development in treatment delivery was the routine use of 
cone beam CT installed on new generation linear accelerators. 

 Cone beam CT made it possible to verify soft tissue anatomy of the patient when 
located on the treatment couch, removing the need for moving the patient being 
prepared for treatment to CT or MRI simulator. This resulted in substantial time 
savings during patient setup for treatment, and eradicated potential errors in target 
shifts relative to frame when transporting the patient in the frame from CT to treat-
ment room. On the other hand tissue motion management techniques and tools per-
mitted physicians to have more confi dence that the dose prescribed to the target 
would actually be delivered even if the motion of the target exceeded margins 
assumed at planning. 

 Another major hurdle which needed to be managed was addressing random and 
respiratory motion management. Tissue motion management tools most regularly 
used in radiation oncology and applied to SBRT are dampening respiration, as 
described above, respiratory gating, and live respiratory motion tracking as per-
formed by CyberKnife. These techniques are not perfect and so abolishing com-
pletely the margin for the target when these tools are applied is risky. Breathing 
motion is not perfectly stable and reproducible in spatial domain. The gating win-
dow will therefore always carry a residual error margin; prediction of the position 
of the target on which tracking properties of the CyberKnife are based may slightly 
differ from the model derived by CyberKnife Synchrony software if respiratory 
motion exhibits irregularity. Nevertheless, if combined with abdominal compres-
sion these techniques give a better chance of delivering the dose to the target as 
prescribed for the treatment plan. They may also be applied in cases, with relevant 
margins defi ned, when abdominal compression is not applicable. 

 Thus existing motion management tools can give the physician more confi dence 
that prescribed dose is delivered to the target and that body organs at risk will not 
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exceed radiation exposure beyond tolerance. However, one also has to keep in mind 
that gating increases the treatment time still further. Nevertheless, the inconvenience 
for patient and decrease in effi ciency of this factor may also lead to diminished 
comfort, that in turn may contribute to body dislocation relative to frame resulting 
in decreased accuracy of treatment delivery. The other aspect that needs to be taken 
into account when treatments lengthen is the potential radiobiological consequence 
of the decreased average dose ratio of the treatment. These concerns have to be 
appropriately taken into account when gating techniques are included as standard in 
SBRT practice. Modern gating techniques employ dynamic collimation, fi ducial 
based gating including radiofrequency beacons, and active breathing control. 

 The other aspect of technological progress in radiotherapy delivery in SBRT is 
the ability to modulate the dose delivery by IMRT. Here we note that this may not 
be an essential development for SBRT as it has been practiced originally. In the case 
of SBRT the primary concern was to concentrate dose on the target and minimize 
the volume of high dose exposure to normal tissue. Achieving this dose distribution 
has more to do with appropriate directing of radiation beams in space than with 
modulating beam intensity, when beam directions are fi xed in space. Nevertheless, 
the advance of SBRT to target locations such as liver or pancreas, that are in extreme 
proximity to sensitive organs, may require shaping of dose clouds that minimize 
dose in organs at risk.  

2.4     Radiobiological Rationale and Its Impact 
on SBRT Techniques 

 The crucial question that arises in SBRT is the rationale for its effectiveness. Taking 
into account that radiobiology is not an exact science, we cannot answer these ques-
tions with absolute certainty. However, convincing heuristic advice is possible and 
should address speculative doubts about the technique. First it is easy to convince 
radiation oncologists that 54 Gy in three fractions should be a potentially ablative 
dose. This statement is sustained by radiobiological modeling. More surprising is 
the result that delivering this extremely high dose to the target in just a small number 
of fractions allows avoidance of excessive toxicity. 

 At this point, we should mention that with targets irradiated in parallel tissue, it 
seems reasonable to expect that cells incapacitated by radiation are not necessarily 
debilitating the functioning of the whole organ [ 7 ,  8 ]. Cells removed or inactive in 
lung and liver can be replaced in their functions by other cells within these organs. 
The important concern is that the inactive or ablated cells do not constitute too large 
a portion of the organ. However, this concern is explicitly addressed by the condi-
tions of SBRT therapy delivery. 

 The other aspect of radiobiology that seems unclear from the point of view of 
SBRT results is the similar effectiveness of the treatment for extensively different 
fractionation schemes. For example SBRT methods in Japan where fractionation 
differed from the US RTOG 0236 produced comparable clinical results [ 6 ]. The 
possible explanation of this is that the LQ model routinely applied for deriving 
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equivalent dose is not directly applicable to hypofractionated regimes. A more 
detailed analysis of these aspects has been provided in [ 9 ] where some evidence 
suggests that Japanese dose schemes were actually similar to fractionation schemes 
employed in RTOG 0236.  

2.5     Evolution to Treat Other Sites 

 The critical question for the SBRT technique is its applicability to organs and sites 
that have not been systematically investigated so far. These questions are justifi ed, 
as the rationale for SBRT was to a large extent based on the assumption that parallel 
organs can tolerate limited volume radiation damage without grave consequences 
for their function, and the overall health of the patient. The existing results indicate 
that SBRT should be a treatment of choice for lung (excluding targets located in 
close vicinity of the bronchial tree) and liver and spine. 

 The success in treatment of prostate cancer with SBRT depends clearly on differ-
ent factors than the success of treatment of lung cancer with SBRT. The prostate has 
to be irradiated in SBRT to a large dose in small number of fractions, however, as it 
is not contained in a parallel functioning organ, the primary concern will be to avoid 
dose to sensitive organs rather than minimizing the volume of the dose cloud over-
all. It seems rather convincing that doses of 50–60 Gy in 3–5 fractions delivered to 
prostate should have a huge potential of controlling the disease, and the fundamen-
tal question is then if current delivery techniques allow limiting of dose to rectum 
and bladder to avoid unmanageable toxicities in these organs. It is somewhat unclear 
at this time to decide if the combination of optimal beam spatial directions, modula-
tion of beam intensities with the goal of shaping the dose cloud to envelop prostate 
whilst properly avoiding rectum and bladder, and management of prostate motion, 
at the time of treatment can result in suitable avoidance of toxicity with adequate 
irradiation of prostate itself. There are at the present time further trials (such as 
PACER) that try to answer these questions. Currently SBRT experiences have been 
reported in almost all body sites in both primary and metastatic cancer.  

2.6     Conclusion 

 SBRT is at the present time a proven technique of radiotherapy delivery for lung and 
liver and spine. It has defi nitive radiobiological and convenience advantages relative 
to traditional fractionation. Clinically it shows unprecedented success in local con-
trol (comparable to surgery). It effectively uses new advances in technology of 
radiotherapy delivery. It applies these tools only as frequently as the fractionation 
regime requires. This encourages them to be used at each fraction for enhancement 
of the precision of therapy delivery. The small number of fractions makes also very 
effi cient use of equipment and human resources in radiotherapy departments, to 
provide more courses of radiation treatment to more patients within the same 
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amount of time. The shortened course of irradiation can make also easier planning 
of comprehensive cancer therapy involving, surgery, chemotherapy and radiother-
apy. More clinical trial data and longer patient follow up is required to justify the 
use of this technique in the treatment of other organs (such as pancreas, breast and 
prostate) and a better understanding of underlying radiobiological principles.     
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    Chapter 3   
 Stereotactic Body Radiation Therapy Systems 

             Xing-Qi     Lu     

    Abstract     With the development of extracranial stereotactic radiation, there has 
been an evolution of hardware and software technology to cope with the challenges 
of SBRT. Advances in immobilization, beam characteristics, image guidance and 
on-line tracking including continuous respiratory motion management have led to 
the ability to successfully deliver SBRT with confi dence. This chapter explores the 
capabilities of various SBRT systems.  

  Keywords     Stereotactic Body Radiotherapy (SBRT)   •   Systems   •   Immobilization   • 
  Tracking   •   Image Guidance   •   Quality Control  

3.1         Introduction 

 As an emerging radiotherapy procedure, SBRT (Stereotactic Body Radiation 
Therapy) is in rapid development. In the previous decade, various radiotherapy 
techniques and systems for SBRT have been developed and SBRT has become an 
increasingly common practice. 

 SBRT’s two major features defi ne the requirements for the systems. First, SBRT 
aims to reproduce physical and biologic aspects of the successful SRS and SRT 
(intracranial stereotactic radiosurgery and radiotherapy) experience. Since it deliv-
ers large doses in a few fractions, it is critical that the high doses to the target are 
precise and conformal; meanwhile there must be rapid dose fall off away from tar-
get to minimize toxicity to normal tissues and critical organs at risk. This is of para-
mount importance since the increased dose intensifi cation also increases the risk of 
consequential normal tissue toxicities. Secondly, a feature that distinguishes SBRT 
from SRT/SRS is that it deals with the area outside the skull base. The target may 
thus undergo intra- and inter-fraction motion and deformation, and in many cases 
there is an absence of a reliable surrounding rigid body structure for reference. All 
these impose stringent requirements in targeting and beam delivery. The system 
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should be able to either reduce or compensate for this movement during beam 
delivery. 

 To satisfy these requirements, various new image guidance techniques have been 
developed and used along with the other matured techniques. Integration of these 
techniques in different ways has led to the successful development of several com-
mercially available SBRT systems. In this chapter we fi rst discuss these individual 
techniques grouped into several sub-systems (Sect.  3.2 ) and then introduce the com-
mercially available systems (Sect.  3.3 ). It is our intention to deal with them in a 
non-biased way.  

3.2      System Components and Requirements 

 The various components that are important for SBRT systems are discussed here. 
They are grouped into the following sub-systems: (1) Patient immobilization, (2) 
Target localization and tracking, (3) Simulation imaging and other imaging modali-
ties, (4) Beam characteristics, (5) Planning, and (6) Quality Assurance. 

3.2.1     Patient Immobilization 

 In conventionally fractionated treatment the goal is to reproduce the patient setup 
during CT simulation for each treatment fraction. In this approach, patient position-
ing is usually accomplished by using laser alignment to skin marks. Due to the skin 
mark movements, and patient weight loss during treatment, this method is at best 
within 2.0–2.5 mm for a perfectly immobilized phantom, and inadequate patient 
immobilization contributes approximately 1–4 mm of additional error, depending 
on the site treated [ 1 ]. 

 This level of setup accuracy is not adequate for SBRT. An accurate system that 
accounts for both patient immobilization and intra- and interfraction motion com-
pensation is especially important for the successful delivery of SBRT. Even with 
highly sophisticated image-guided systems, immobilization is still useful, serving 
both to physically immobilize the patient and to provide initial approximate target 
localization. 

 There are various commercially available stereotactic body frames (Bionix 
Radiation Therapy, Toledo, OH; CDR system, Calgary, Canada; Body Fix ®  of 
Elekta, Stockholm, Sweden). With these devices, vacuum cushions are frequently 
used. A localizer arch, affi xed to the body frame or to the linac couch top, can defi ne 
the reference coordinate system for body frame fi ducials. Some body frame systems 
include equipment for abdominal compression that can minimize respiratory 
motion. An immobilization system with such abdominal compression by the CDR 
system is shown in Fig.  3.1 .

X.-Q. Lu



29

3.2.2            Image-Guided Localization and Tracking 

 Immobilization devices can reduce body and organ movement to a certain degree, 
whilst image-guided localization and tracking, with or without immobilization sys-
tems, may reduce the targeting spatial uncertainty to a minimum. 

 We fi rst discuss the imaging techniques used for locating the tumor in 3D. 
A  variety of technologies are used—some of which involve imaging before the 
treatment, while others allow monitoring of target during treatment, either continu-
ously or intermittently. These techniques include:

    1.    2D MV electronic portal imaging (EPID) [ 2 ]. Images are created with the 
megavoltage beam that is used to treat the patient. Although the imaging qual-
ity may be limited, it offers real-time, direct monitoring of the areas being 
irradiated.   

   2.    Dual or multiple KV image systems, either room-mounted [ 3 ,  4 ] or built into the 
treatment machine. The real-time images can be compared with DRRs, which 
represent the ideal patient position, and be adjusted accordingly. It has a high 
imaging quality, but the imaging frequency is limited due to the potentially 
excessive radiation exposure.   

   3.    CT systems in various forms, including in-the-vault conventional CT [ 5 ], MV or 
KV cone beam CT [ 6 ,  7 ], and the onboard MV fan beam CT in TomoTherapy 
[ 8 ]. CT images are taken right before the treatment and the target position can 
then be adjusted. KV CT has better image quality, but the MV CT has its advan-
tages. With MV CT it is less susceptible to the artifacts of metal objects such as 
the fi ducials; there is no need for an additional KV source, and its CT values are 
reliable for accurate calculation of dose distribution.   

  Fig. 3.1    LB-SBRT immobilization system with abdominal compression by CDR Systems       
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   4.    When the 2D radiography and CT localization systems (items 1–3) are used, 
implanted metal (gold or stainless steel) markers can be very helpful for improved 
visualization and localization of soft tissue target. The markers are usually 
implanted into the target area a few weeks before simulation, allowing time for 
the stabilization of the markers position. During treatment, the markers’ on-line 
position can be precisely compared with those in the simulated image. With this 
information the body can be repositioned or the beam targeting can be adjusted 
accordingly.   

   5.    There are several inventions for 3D real-time fi ducial localization during treat-
ment with sub-millimeter accuracy. A radiofrequency-based tracking system has 
been developed by Varian—Calypso Technology (San Francisco, CA) [ 9 ,  10 ]. 
Small (1.8 × 8.6 mm) electromagnetic transponders (beacons) implanted into the 
tumor emit a unique resonant frequency signal when excited by an external elec-
tromagnetic fi eld. The magnetic array, which is the source of the electromagnetic 
fi eld, also receives the frequency signal and determines the transponders’ rela-
tive positions. A somewhat similar system, the PayPilot ®  by Micropos Medical 
(Gorthenburg, Sweden), uses an active radiofrequency emitter, which has a cable 
connected to outside radiofrequency source. It is suitable for prostate treatment.

      Another device, RealTrack TM  technology by Navotek (Yokneam, Israel), uses 
radioactive sources emitting photons that are detected by an array of detectors 
located outside the patient’s body.   

     The advantage of these inventions is that they allow a continuous localization 
without the KV or MV ionization exposure. A potential disadvantage is that it 
may not be easily identifi able if the fi ducials shifted between CT simulation and 
treatment, thus resulting in mistreatment.    

      6.    Ultrasound devices are used for localizing soft tissue structures. With these 
devices the probe’s position can be tracked, for instance, by an infrared camera 
system, thus the soft tissue found by the probe can be located in reference to the 
isocenter [ 11 ]. Accordingly, the couch position can be adjusted before treatment. 
Currently, there are several US vendors marketing products for assistance with 
SBRT: SonArray (Zmed, Ashland, MA), ExacTrac Ultrasound Localization 
(BrainLAB, Heimstetten, Germany), and the BAT ®  (B-mode Acquisition and 
Targeting) ultrasound system (Nomos, Sewickley, PA).   

   7.    Low-fi eld open Magnetic Resonance Imaging (MRI) -based systems were fi rst 
developed for real-time monitoring during surgery. Since MRI provides superior 
soft-tissue contrast without ionizing radiation, it is ideal for real-time volumetric 
monitoring of soft-tissue targets in SBRT. Prototype of integration of MRI and 
linac has been developed [ 12 ,  13 ]. In these systems it is necessary to avoid the 
interference of the MR magnetic fi eld with the trajectory of the electrons in the 
linac waveguide, and to avoid the interference of the radiofrequency (RF) signals 
from each system with the operation of others. From that point of view, it seems 
advantageous in integration of MRI with a cobalt device. The Renaissance 
System is based on the technique and is currently being developed by ViewRay, 
Inc. (Oakwood Village, OH).   
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   8.    Optical systems use two or more cameras to relay positional information. Various 
wavelengths are used, including ultraviolet, visible, and infrared light. Light 
refl ectors or emitters attached to the body may be used, supplying continuous 
external body information. A laser-based optical surface scanning system, 
C-RAD Sentinel TM  (Uppsala, Sweden), is able to monitor the patient motion dur-
ing treatment and assist in repositioning.     

 With the target’s 3D position determined, either the patient position or the beam 
position/direction can be adjusted as desired if the target is well-immobilized. For 
moving targets, such as targets with respiratory motion (lung and upper-abdominal 
tumors), the next step, image-guided tracking, becomes necessary. Signifi cant effort 
has been devoted to solving the problem [ 14 ]. Various techniques have been devel-
oped in the past, including:

•    Gating techniques using either respiratory gating during free-breathing or breath 
holding [ 15 – 19 ]. With these techniques, the treatment beam is fi xed in space and 
gated to turn on only when the target, fi ducial marker, or other surrogate signal 
(such as an optical system) moves into the preplanned area. Gating is required in 
both CT simulation and treatment with either external respiratory signals, such 
as the Varian Real-time Position Management  TM  (RPM) system, or using inter-
nal fi ducial markers tracked by a pair of stereotactic KV X-ray imaging systems 
[ 20 ]. In this approach the treatment beam follows the breath phase but not the 
absolute position of the target during treatment. As a result of this inherent inac-
curacy these techniques still need a substantial safety margin.

•    Targeting based on four-dimensional (4D) respiration-correlated CT. Ten or 
more sets of CT data are reconstructed at each respiratory phase. The patient- 
specifi c treatment volumes are determined using extreme tumor positions based 
on the 4D CT. Treatment planning margins from the gross tumor volume to the 
planning target volume (PTV) can be reduced substantially on a composite gross 
tumor volume derived from 4D-CT (known as internal target volume—ITV) [ 21 , 
 22 ]. This 4D CT method may also combine with the gating technique, thus lead-
ing to a smaller margin. The drawback of this method is that the patient may 
receive substantial dose from the CT and the number of CT slices generated may 
well above 1,000.       

 The above two techniques, however, may not be good enough for SBRT in cer-
tain locations. Real-time dynamic tumor-tracking methods or respiratory- 
synchronized techniques offer a much improved solution. Currently this technique 
has only been realized by Synchrony TM  Respiratory Tracking system (Accuray, 
Sunnyvale, CA). In this system, the treatment plan is based on a static CT scan, 
usually in the end-expiration phase. The accelerator is robotically controlled, 
which allows for non-isocentric beam delivery within a solid angle of over 2π. In 
order to compensate for the time delay between data acquisition and accelerator 
repositioning, the tumor’s real-time position is predicted by the correlation model 
of an optical monitor system (with three optical light-emitting markers fi tted on a 
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tight vest worn by the patient) and a pair of orthogonal X-ray images which locate 
the internal gold fi ducials implanted inside the tumor. The external marker posi-
tion is continuously measured using the optical system and the X-ray images are 
taken every 3–5 beams (or in newer systems according to how much time has 
elapsed since the last image, a fl exible user-defi ned variable). The patient can 
breathe freely; the beam is delivered by a linear accelerator mounted on a robotic 
arm which follows the corresponding model. This model is checked and updated 
by acquisition of new pairs of X-ray images. With this tracking system, the tumor’s 
translational movement can be largely compensated, but not for the tumor rotation 
and body deformation. As a result, a margin of up to 5 mm may be required in 
selected cases [ 23 ]. An improved tracking mode, X-sight Lung by Accuray, allows 
the dynamic tracking to be achieved based on the lung tumor radiograph images 
without using fi ducials for certain lung cases (about 30 % patients in some 
centers). 

 Besides using the robotic controlled linac, the dynamic tumor-tracking can be 
achieved by a technique currently being developed by Vero, in which a linac is 
mounted on gimbals that allows tilting of the linac following a moving target. 
Conceptually, this tracking may also be achieved by dynamic moving MLCs in a 
conventional linac [ 24 – 31 ] based on the MV EPID or KV imaging. This approach, 
however, is still in a development stage.  

3.2.3     Simulation and Other Imaging Modalities 

 CT is a primary imaging modality for SBRT. Since CT provides geometric informa-
tion with minimal spatial distortion (less than 1 mm in 20 cm as the general QA 
requirement) and provides the tissue density needed for dose calculation, it is the 
basis for treatment planning. CT images are helpful in identifying pulmonary nod-
ules, parenchymal diseases, and chest wall involvement for superior sulcus tumors 
and lung diseases [ 32 ,  33 ]. Contrast-enhanced CT is the most sensitive study for the 
hepatic system [ 34 ]. A typical scan length should extend at least 5–10 cm superior 
and inferior beyond the treatment area; for non-coplanar systems this length should 
be extended to 15 cm. Tomographic slice thicknesses of 1–3 mm are required. 

 MR and  18 F-fl uorodeocyglucose ( 18 FDG) PET are frequently used. As the gold 
standard for visualization of brain neoplasms, MR also found increasing applica-
tions in prostate, spinal tumors, and chest and solid abdominal tumors. PET (Positron 
Emission Tomography) is valuable in staging, planning and evaluating treatment 
response and might predict long-term outcome [ 35 ]. PET-CT is now popular for 
reduced image registration uncertainties and widely used for lung cancer, head-and- 
neck tumors, colon cancer, etc. Whenever possible, the initial patient setup (along 
with any immobilization device) during CT simulation should be reproduced during 
other imaging modalities, which helps to signifi cantly reduce the uncertainty when 
it is fused with the CT imaging.  
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3.2.4       Beam Characteristics 

 Among the photon beam characteristics, the beam penetration power and the beam 
penumbra are important factors to achieve the following dosimetry goals:

•    For small narrow beams used in SBRT, the higher the beam energy, the larger the 
beam penumbra due to lateral electron transport in medium. In a low-density 
medium, such as lung tissue, this effect becomes more signifi cant. For SBRT 
lung application a 6 MV photon beam provides a reasonable compromise 
between beam penetration and penumbra characteristics [ 36 ].  

•   A sharp penumbra is required for a rapid dose fall-off. Inherited from SRS, the 
cone collimators are naturally a good choice (e.g., they are used in CyberKnife). 
The Iris TM  Collimator in CyberKnife, is adjustable (cone size from 5 to 60 mm) 
with sub-millimeter accuracy. It has a similar beam profi le as the fi xed cone and 
increases the dose delivery effi ciency. Another alternative is the multi-leaf col-
limator (MLC). A study compared a 3 mm micro MLC (Brianlab), a 5 mm MLC, 
and a 10 mm MLC (Varian Millennium) using the Eclipse treatment-planning 
system. It was found that the narrower leaf-width MLC provided slightly better 
results than the wider leaf- width MLCs in an overall dosimetric comparison. 
This advantage decreases as the target volume increases [ 37 ]. In practice, the 
3 mm MLCs are more demanding in maintenance. Thus, the 5 mm MLC seems 
favorable in many SBRT applications.    

 A new development is the photon beam generated without usage of the fl atten-
ing fi lter (Varian TrueBeam TM , Varian Medical System, Palo Alto, CA) [ 38 ,  39 ]. 
When fl attening fi lter-free (FFF) beams are used, out-of-fi eld doses can be 
reduced signifi cantly. This is mainly due to reduced head scatter and residual 
electron contamination. FFF beams should therefore lead to reduced peripheral 
doses and patients may benefi t from decreased exposure of normal tissue to scat-
tered doses outside the fi eld. Removal of the fl attening fi lter implies also the pos-
sibility to deliver treatments with higher dose rates, up to a factor of 4 at 10 MV, 
and with a much higher dose per pulse. Besides further improving time effi ciency 
for delivery, this might have subsequent potential radiobiology implications. 
Whilst interest for FFF beams is increasing in the medical physics fi eld, there are 
few instances where FFF beams are applied in clinical practice, particularly in 
SBRT treatments. Initial clinical outcomes for local control are promising. 
However, aspects related to standardization, dosimetry, treatment planning, and 
optimization need to be addressed in more detail in order to facilitate the clinical 
implementation [ 38 ,  39 ]. 

 Tomotherapy is a new concept for beam delivery [ 8 ]. A small megavoltage X-ray 
source was mounted on a ring gantry in a similar fashion to a CT x-ray source, the 
patient moves through the bore of the gantry simultaneously with gantry rotation. 
The beam intensity is modulated by temporally modulating multiple independent 
leaves that open and close across the slit opening. The geometry provided the 
 opportunity to provide CT images of the body in the treatment setup position. The 
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incident electron beam with 6 and 3.5 MeV in the treatment and imaging modes, 
respectively. 

 Cobalt-60 with MLC is also a suitable beam source. It has been shown that 
the common assumption that the cobalt penumbra is inferior to linac penumbra 
for MLC-based IMRT is not supported by comparative analysis [ 40 ]. Nearly 
identical plans can be achieved using cobalt source when compared to 6 MV 
IMRT. 

 Proton beams are being investigated for SBRT in certain sites. Dosimeric stud-
ies for using proton beam in SBRT have been performed by comparison between 
photon and proton-based SBRT for liver and lung treatment [ 41 ,  42 ]. It indicates 
that protons resulted in lower doses to critical organs at risk and a smaller volume 
of non-targeted normal lung exposed to radiation. However, the clinical signifi -
cance and relevance of these dosimetric improvements remain unknown at the 
moment.  

3.2.5     Planning 

 The terminology defi ned for conventional radiation therapy by ICRU 50 and ICRU 
62 [ 43 ,  44 ], such as GTV, CTV, PTV, and ITV, is still used in SBRT. In many cases, 
especially for the metastatic lung, liver, and paraspinal cases, the GTV and CTV are 
often identical [ 45 – 47 ]. 

 Due to the inevitable movement in most of the extracranial targets, SBRT is 
inherently imprecise compared to SRS and SRT, unless adequate immobilization or 
compensation for the target motions, both inter- and intra-fractional, is achieved. 
Thus dosimetric benefi ts of targeting essentially rely on the appropriate utilization 
of immobilization devices and/or on the techniques for precise organ motion com-
pensation [ 23 ,  48 – 50 ]. The uncertainty in the CTV is generally accounted for by an 
internal margin added to the CTV, resulting in the internal target volume (ITV) [ 44 ]. 
The PTV then addresses all other possible geometrical variations, including setup 
uncertainties, machine tolerances, and intra-treatment variations, by adding all 
these margins to the CTV. This margin should be determined based on the particular 
SBRT system, the target site, and other clinical conditions. 

 The main objectives for high-dose-per-fraction SBRT are the precise and confor-
mal targeting and rapid dose fall off to normal surrounding tissues. These objectives 
can be spelled out in the following dosimetric considerations during treatment 
planning:

    1.    The shape of the iso-surface defi ned by the prescribed dose should conform to 
the outline of the target. Planning systems providing iso-lines in each CT image, 
and the DVH (dose-volume histogram) are good tools for evaluating the quality 
of proposed treatment planning. The Conformity Index is a complementary indi-
cator, which attributes a score to a treatment plan. It can be used to compare 
several treatment plans for the same patient [ 51 ].   
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   2.    Rapid fall off of dose from the tumor volume to healthy tissue in all directions, 
provided the OARs (organs at risk, i.e. serially functioning organs such as the 
spinal cord or sensitive mucosa) are suffi ciently spaced from the target [ 52 ]. 
Otherwise, particular attention has to be paid to the direction of the adjacent 
critical organs. 

 These fi rst two objectives can be achieved primarily by using a large number 
of preferably non-coplanar beams from as many directions as possible in the 
treatment.   

   3.    Dose heterogeneity: distribution throughout the volume of the tumor, with the 
highest dose delivered to the central portion of the tumor, or to a site-specifi cally 
defi ned area. Unlike in conventional radiation therapy where the goal is to deliver 
uniformly distributed doses to the whole target, in SBRT hot spots (e.g., 130 % 
of the prescribed dose) within the target volumes are common and generally 
viewed to be clinically desirable, as long as there is no spillage into normal tis-
sue. It has been hypothesized that hot spots within the central region offer a 
special advantage in eradicating radio-resistant hypoxic cells that are more likely 
to be located therein [ 53 ].   

   4.    The number of total monitor units used in SBRT in order to achieve the required 
dosimetry criteria is usually much higher than in conventional and IMRT cases. 
It has been noticed that the move from 3D-CRT to intensity-modulated radiation 
therapy (IMRT) involves more fi elds and a larger volume of normal tissue is 
exposed to lower doses. In addition, since the number of monitor units is 
increased by a factor of 2–3, the total body exposure is increased due to the leak-
age radiation. Both factors tend to increase the risk of secondary cancers. 
Altogether, IMRT is likely to almost double the incidence of secondary malig-
nancies compared with conventional radiotherapy from about 1–1.75 % for 
patients surviving 10 years [ 54 ]. For certain SBRT treatments the number of 
monitor units could be increased by another factor of 2 or more. It is advisable to 
control the ratio of the total monitor units and the prescribed dose, especially for 
younger patients.      

3.2.6     Quality Assurance in SBRT 

 The QA process is a critical part in conventional radiation therapy, but it assumes an 
even more important role in SBRT. Because large fraction sizes and small planning 
target volume (PTV) margins are used, any small setup error risks not only missing 
the target, but also adding signifi cant toxicity to adjacent normal tissue. The fact that 
SBRT is administered in a single, or a few, individual treatments does not allow for 
compensatory random error-driven averaging of the target dose coverage. Therefore, 
the QA, in particular for targeting and tracking, is such a critical part of the treat-
ment, thus imposing stringent requirements to the QA process. 

 The AAPM task group has provided guidance on the best practices for perform-
ing radiation therapy QA [ 55 ]. The supplement of the publication [ 56 ] suggests a set 
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of annual, monthly, and daily QA activities and tolerances which allow the 
 verifi cation of the overall accuracy of the various aspects in SBRT treatment pro-
cess. In addition, each manufacturer has its own QA recommendations. Based on 
these published reports and recommendations, an institution should establish a QA 
plan according to its own individual situation.   

3.3      Commercially Available Systems 

 By integrating different techniques described in the last section, various systems 
that can treat both SBRT and SRS/SRT have been developed. Here we briefl y list 
the main systems currently available commercially or currently being developed.

    1.    Major manufactures of conventional radiation therapy linacs have developed 
their new products, aiming for a seamless transition from conventional therapy 
to SBRT:

   Varian’s latest product for SBRT is the TrueBeam STx. In addition to X-ray 
imaging, CBCT (cone beam CT) imaging and RPM (Real-Time Position 
Management TM) gating for respiratory treatment, its new IMR (intra- fraction 
motion review), or “triggered imaging” system, triggers the low-dose X-ray 
imager at a specifi c point in the patient’s respiratory cycle, which enables visual 
verifi cation that a tumor is being properly targeted (refer to Sect.  3.2.2 ). It also 
implemented the FFF (fl attening fi lter-free) mode, which has been discussed in 
Sect.  3.2.4 . Treatment deliveries include static and dynamic conformal arcs, con-
formal beams, and beam or arc intensity- modulated radiosurgery and 
radiotherapy.  

  A combination of Varian’s SBRT product with the immobilization and image- 
guidance system developed by BrainLab AG (Feldkirchen, Germany) is the 
TrueBeam STx with Novalis Radiosurgery (shown in Fig.  3.2 ). ExacTrac ®  
Robotic 6D Couch provides automated patient positioning. Room-based X-ray 
imaging offers fast and accurate patient setup and intra-fraction verifi cation. It is 
a noninvasive frameless system and allows image-guided spine radiosurgery, 
gated liver and lung SBRT, and image-guided prostate radiotherapy.

     Elekta Axesse TM , developed by Elekta AB (Stockholm, Sweden) includes 
patient positioning (Hexapod) with 6 degrees of freedom, CBCT and KV images, 
realized 4D treatment, and HDR-like prostate SBRT. Its XVI Symmetry captures 
image data during the breathing phase and provides 4D data. This data helps to 
visualize the tumor position in each respiratory phase, thus warrantees an accu-
rate treatment.  

  Siemens Primatom TM  developed by Siemens AG (Munich, Germany) is a 
hybrid system that integrates a linac and a CT with two pairs of high-precision 
rails. The CT gantry moves on one pair of rails, enabling a rapid diagnostic-
quality image of the patient on the treatment table. After the CT scan, the table-
top is moved into position for treatment.      
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   2.    The CyberKnife ®  system by Accuray (Sunnyvale, CA) has emerged from the 
concept of frameless stereotactic radiosurgery and image guidance with robotic 
surgical technologies (shown in Fig.  3.3 ). The imagine system consists of an 
orthogonal pair of kV x-ray imaging devices and an optical system that monitors 
the light emitter on the patient surface. It allows non-isocentric, frameless treat-
ment. There are several tracking modalities including that based on bony struc-
ture or implanted fi ducials, and a real-time dynamic tumor-tracking 
(Synchorony TM  Respiratory Tracking system), which has been discussed in 
Sect.  3.2.2 .

       3.    Tomotherapy, another product by Accuray, is based on helical tomotherapy pro-
cesses for image-guided intensity-modulated radiotherapy (refer to Sect.  3.2.4 ). 
The image-guidance system includes megavoltage CT acquisition, automated 
segmentation of CT images, dose reconstruction using the CT image set, deform-
able registration of CT images, and re-optimization [ 8 ]. A Tomotherapy Hi Art 
system is shown in Fig.  3.4 .

  Fig. 3.2    Varian’s TrueBeam STx system with Novalis Radiosurgery, including ExacTrac ®  Robotic 
6D Couch, Room-based X-ray imaging       
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  Fig. 3.3    A CyberKnife M6 system, where a robotic controlled linac, two X-ray sources, an optical 
monitor (on the  left side ) and a couch are shown       

  Fig. 3.4    Tomotherapy HDA, where the linac is mounted on the CT-like gantry and rotates through 
a full circle       
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       4.    The Vero SBRT System (known as “TM2000” in Japan), is a joint product of 
Mitsubishi Heavy Industries Ltd. and BrainLab (shown in Fig.  3.5 ), utilizing a 
rotating, rigid ring structure to integrate a beam delivery platform and image 
guidance systems. The system includes an electronic MV portal imaging device 
(EPID) and dual KV fl uoroscopy, and cone beam CT imaging for image guided 
setup and real-time fl uoroscopic monitoring for pursuit irradiation. An inline 6 
MV C-band linac with MLC is mounted on orthogonal gimbals built into the ring 
structure. The gimbaled irradiation head with tilt functions allows isocentric or 
non-isocentric treatment and dynamic tracking (refer to Sect.  3.2.2 ).

       5.    The Gamma Knife has evolved in treatment for extra-cranial diseases. Several 
manufacturers have emerged; promising clinical outcome for patients with inop-
erable stage I/II non-small-cell lung cancer has been reported [ 57 ]. Shown in 
Fig.  3.6  is a stereotactic gamma-ray body therapeutic system, GyroKnife devel-
oped by γ[gamma]-Star (Shanghai, China). It uses a source, which is comprised 
by 154 self-focusing micro-cobalt sources. The combination of “triple focusing” 
and a body frame can result in sharp dose gradients and high-precision 
localization.

       6.    ViewRay is another Body Gamma Knife system, currently being developed by 
Renaissance Systems (Oakwood Village, OH). Three cobalt beams are  modulated 

  Fig. 3.5    The Vero SBRT System’s exterior view. The O-ring (labeled as “1”) is skewed in the 
counterclockwise direction. The ring can rotate over ±60°. Label “2” indicates dynamic MLC, in 
both sides are two X-ray source. Label “3” indicates the gumbal for iso-center calibration and 
tumor chasing. Label “4” indicates the integrated real-time patient monitor       
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with MLCs. This system is equipped with low-fi eld open magnetic  resonance 
imaging (refer to Sect.  3.2.2 ). Dynamic MR images are acquired to track patients 
in real-time. The ability to see soft tissue clearly in motion with MR is of great 
benefi t in delivering high dose in a single fraction.         

  Fig. 3.6    The GyroKnife system. The “triple focusing” is illustrated in the small picture       
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    Chapter 4   
 Physics of Stereotactic Body Radiotherapy—
Commissioning, Quality Assurance, 
and Treatment Planning 

             Cynthia     F.     Chuang     ,     Maximian     F.     D’Souza      , and        John     A.     Rossman    

    Abstract     Stereotactic radiosurgery (SRS) and Stereotactic body radiotherapy 
(SBRT) have gained wide spread use as a modality of treatment in Radiation 
Oncology during the last decade. In this chapter, we describe various devices that 
are capable of delivering SBRT. These systems are complex combinations of treat-
ment and imaging capabilities. Therefore, they require substantial efforts in com-
missioning and clinical validation before being used for patient treatment. We 
present a broad overview of commissioning whilst emphasizing the complexity of 
small fi eld dosimetry. In addition, Treatment Planning System (TPS) commission-
ing is also discussed. Clinical validation of TPS, SBRT and Imaging systems must 
be validated both by performing end-to-end measurements and also by using third 
party (for example, Radiological Physics Center (RPC) phantoms and systems) 
before using the system clinically. Routine quality assurance (QA) and quality con-
trol (QC) is an important aspect of this treatment modality and must be strictly 
maintained to ensure stringent quality requirements. In addition, some systems pro-
vide patient specifi c QA options which further assists in ensuring high quality treat-
ment delivery. Finally we review a variety of scenarios where SBRT may be used, 
demonstrating the ability to deliver high doses to the tumor whilst signifi cantly 
sparing surrounding organs at risk.  

  Keywords     Stereotactic body radiotherapy   •   Radiosurgery   •   Quality assurance   • 
  Commissioning   •   Treatment planning  

        C.  F.   Chuang ,  PhD    
  Department of Radiation Oncology ,  University of California, San Francisco ,   San Francisco , 
 CA ,  USA   
 e-mail: cchuang@radonc.ucsf.edu   

    M.  F.   D’Souza ,  PhD      
  Department of Radiation Oncology ,  Frank C. Love Cancer Institute at St. Anthony Hospital , 
  Oklahoma City ,  OK ,  USA   
 e-mail: mdsouza007@gmail.com   

    J.  A.   Rossman ,  MS    (*) 
  Department of Radiation Oncology ,  Beth Israel Deaconess Medical Center ,   Boston ,  MS ,  USA   
 e-mail: jrossman@bidmc.harvard.edu  

mailto: cchuang@radonc.ucsf.edu
mailto: mdsouza007@gmail.com
mailto: jrossman@bidmc.harvard.edu


46

4.1         Introduction 

    Stereotactic radiosurgery (SRS) is a technique of precisely delivering a large dose 
of radiation to small intracranial targets. SRS has been commonly used by neuro-
surgeons since the advent of the Gamma Knife (Elekta Inc., Atlanta, GA) in the 
early 1960s. With the advancement of linear accelerator technology with micro 
multi leaf collimators (mMLC) and devices like the Novalis system (Brain Lab 
AB, Heimstetten, Germany), Cyberknife (Accuray Inc., Sunnyvale, CA) and 
Varian True Beam system (Varian, Palo Alto, CA) it has been possible to deliver 
radiosurgical doses to extracranial targets with the requisite precision. These 
devices combine imaging equipment to the radiation delivery system to allow 
accurate localization of the target just prior to radiation. This advancement is espe-
cially important for treating moving targets such as in lung, liver, pancreas, and 
prostate. 

 Steretactic body radiotherapy (SBRT) is a term commonly used for hypofrac-
tionated treatment (1–5 fractions) of extra cranial lesions. SBRT offers a high 
biologically effective dose (BED) dose to the tumor with a sharp decline in dose 
to surrounding normal tissues and critical structures [ 1 ]. The dose delivery 
accuracy requirements are similar for SRS and SBRT. Utilization of a large 
number of small fi elds for delivering very high dose in comparison with tradi-
tional radiotherapy places signifi cant importance on the accuracy of small fi eld 
dosimetry. Typical end-to- end targeting error for SBRT is of the order of 
1–1.5 mm which includes tumor imaging, beam data, system targeting and 
patient positioning accuracy. This demands greater dosimetry accuracy than 
that required for radiotherapy, in addition to system mechanical stability and 
accuracy which includes the imaging sub-system that is used for patient 
positioning.  

4.2     SBRT System Commissioning 

 Acceptance testing involves verifi cation of a subset of machine parameters based on 
manufacturer’s specifi cations for the entire treatment delivery system. This includes 
both the mechanical and the radiation component of the entire system. In addition, 
the imaging sub-system used for patient positioning guidance is also tested for both 
mechanical accuracy and stability and radiation characteristics whenever applica-
ble. The commissioning process, typically is a more extensive process predomi-
nantly focused on radiation beam characteristics. A full set of data is acquired that 
is input into the planning system to be used for patient treatment. This data set also 
provides a baseline characteristic of the treatment delivery system for future 
comparison. 
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4.2.1     Beam Data 

 There are many common beam data requirements between various SBRT delivery 
systems, however, some treatment planning systems (TPS) require additional spe-
cifi c data that may be needed for full commissioning of a system. Typically there is 
only a single energy that is used for SBRT treatments. Hence the time commitment 
required for the commissioning process is less than that required for the typical 
linear accelerator used for radiotherapy, which generally has at least two photon 
energies and 5–6 electron energies. SBRT systems require careful measurement of 
complete beam data on site. Although, some manufacturers may provide golden 
beam data sets, which contain most or all of the commissioning beam data required 
by the TPS. Use of this data with validation of subset of data may be acceptable for 
radiotherapy treatments. However, this is strongly discouraged for SBRT treat-
ments. The accuracy of beam data measured should be independent of data scan-
ning equipment and/or individuals performing the measurement. As per AAPM 
TG-106 report [ 2 ], this variation among individuals and/or scanning systems should 
be less than 1 %. 

 Typical beam data requirements characterize beam energy, beam fl atness and 
symmetry and beam output. The following parameters are typically required for all 
SBRT systems currently on the market; percentage depth dose (PDD) and/or tissue 
phantom ratio (TPR), beam profi les at various depths to determine off-axis ratio 
(OAR), output factors relative to a normalization fi eld size. In SBRT systems that 
use micro multi-leaf collimators (mMLC), the mMLC system needs to be further 
characterized for leaf transmission, inter-leaf leakage, penumbra, tongue and groove 
effect. The data obtained during the commissioning process is used as the standard 
data for clinical use and should be verifi ed periodically as described by TG-142 [ 1 ]. 
The data measured also depends on the TPS requirements. Hence any changes to the 
TPS or the delivery system that may affect the measured data may require additional 
data collection for verifi cation [ 3 ,  4 ]. Additional data that is not required for the TPS 
commissioning but may assist in annual QA may also be acquired at this time. For 
example, for Cyberknife systems direct TPR’s are measured for the commissioning 
requirements, however for annual QA, PDD’s could be used for comparison provid-
ing signifi cant time saving.  

4.2.2     Data Acquisition 

 There are several water scanners on the market (example; PTW-Freiburg, IBA 
dosimetry (formerly Scanditronix Wellhoffer), ARM Inc., SunNuclear Corp, etc.) 
that are capable of meeting the beam data acquisition requirements of an SBRT 
system. Scanned beam data measurements require water scanners to provide full 
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scatter conditions and measurement depth of at least 30 cm with at least 5 cm of 
backscatter depth. Smaller water tanks may be used after ensuring the lateral dimen-
sions are at least twice that of the largest fi eld size measured to allow for lateral 
buildup and extra scanning range [ 3 ]. Non-scanned data may be acquired in water 
phantoms or solid phantoms using an ion chamber, diode detectors, TLD or fi lm. 

 The choice of detector(s) to be used presents a signifi cant challenge since 
improper choice of detector can severely affect the accuracy of the data collected 
[ 5 ]. Small fi eld dosimetry presents unique challenges due to availability of detectors 
with widths approaching fi eld sizes used in SBRT. There is a large selection of ste-
reotactic detectors available that claim to have the needed accuracy for small fi eld 
measurements; ionization chambers, semi-conductor diode detectors, edge detec-
tors or liquid fi lled chambers. Figure  4.1  shows wide variability in PDD for small 
and large fi eld measurements [ 3 ]. Detectors with spatial resolution of 1 mm or better 
are needed [ 2 ]. Standard Farmer type chamber with average active volume of 
0.6 cm 3  may only be used for the absolute dose measurement in the reference fi eld 
that is greater than the dimensions of the chamber. The reference fi eld size in SBRT 
is typically greater than 5 cm 2  or 5 cm diameter. For scanning purposes, microcham-
bers with an active volume on average of less than 0.01 cm 3  are ideally suited for 
small fi eld dosimetry as applicable in SBRT [ 3 ,  6 – 8 ]. However, these small volume 
chambers have a very low signal-to-noise ratio (SNR), hence the data sampling time 
should be increased correspondingly to provide adequate SNR. Solid state diode 
detectors typically have an active area of 1 mm 2  with a thickness of the order of 
2.5 microns. Small volume detectors that have minimum energy, dose and dose rate 
dependency should not be used. Table  4.1  provides a comparison of some of the 
small fi eld dosimeters used in SBRT commissioning.

    Accurate detector-water scanner confi guration with respect to the beam central 
axis and center of detector is critical. Li et al. [ 9 ] have demonstrated large errors can 
be caused due to small measurement displacement from beam central axis. Even 
with accurate detector-water scanner confi guration, there can still be greater than 
10 % discrepancies among measurement of small fi elds [ 2 ]. See Figs.  4.2  and  4.3  
explaining the effect of scanning arm tilt and gantry angle tilt on the measured beam 
data. It is imperative that a thorough check is performed on the robustness of the 
data scanning equipment and setup prior to commencing the fi nal beam data collec-
tion process.

    Examples of data scanning: SBRT systems use either circular collimator and/or 
mMLC for beam shaping. Cyberknife uses both circular cones and an IRIS collima-
tor (variable aperture MLC) whereas Novalis uses both circular cones and 
mMLC. Cyberknife systems are commonly commissioned with solid state diode 
detectors (PTW 60012, 60018- PTW Freiburg) for all relative measurements as 
recommended by the vendor. This provides excellent opportunity for data compari-
son among large numbers of users. This can assist an individual site to ensure their 
data is not outside of the expected tolerance and prevent potentially large dosimetric 
errors. The mMLC type systems have been commissioned with a range of detectors 
including mini-ion chamber, diode detectors and fi lm [ 10 ]. 

C.F. Chuang et al.



49

  Fig. 4.1    Depth dose data for a 6 MV beam for ( a ) 1 × 1 cm 2 , ( b ) 10 × 10 cm 2 , and ( c ) 40 × 40 cm 2  
fi elds using different detectors (From Klein et al. [ 1 ]; used with permission)         

b

a 
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 Non scanned beam data, such as the total scatter (output) factors must be measured 
under full scatter conditions in the water phantom. Typically they are  measured at the 
SSD or SAD setting as used for absolute dose calibration. In air output factors for 
SBRT fi eld sizes must be measured at an extended distance so as to ensure adequate 
coverage of the fi eld size in relation to the detector size. They should be measured 
with a build-up cap or mini phantom suffi ciently large enough to provide electronic 
equilibrium and not be affected by electron contamination in the beam which can 
produce erroneous results. The minimum fi eld size is determined by the requirement 
that there is suffi cient “fl ash” of at least 1 cm around the mini-phantom [ 3 ].  

   Table 4.1    Output factors; the agreement between different dosimeters is good down to a 2 × 2 cm 2  
fi eld   

 Field (cm)  Diamond IC15  Wellhofer A14SL  Exradin pinpoint  PTW A16  Exradin 

 1  0.639  0.512  0.541  0.561  0.643 
 2  0.788  0.786  0.769  0.777  0.786 
 3  0.831  0.832  0.827  0.829  0.829 
 4  0.866  0.866  0.866  0.867  0.864 
 5  0.898  0.898  0.896  0.898  0.895 
 10  1  1  1  1.014  1 
 15  1.062  1.058  1.062  1.089  1.07 
 20  1.098  1.096  1.098  1.146  1.117 

  From Stasi et al. [ 15 ]  

c

Fig. 4.1 (continued)
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Effect of scanning arm tilta
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  Fig. 4.2    ( a ) Beam profi les of a 6 MV beam at different depths with scanning arm tilt for a 4 × 4 cm 2  fi eld, 
( b ) Electron beam profi les at depth of 80 % depth dose for 20 × 20 cm 2  cone with gantry tilt.  Arrows  and 
 circle  shown to represent the impact of arm and gantry tilt (From Klein et al. [ 1 ]; used with permission)       
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4.2.3     TPS Commissioning 

 TPS commissioning must be performed [ 4 ] to ensure the planned dose matches the 
delivered dose prior to start of a clinical SBRT program. This must include not only 
spot check validation with simple beam geometry in a uniform water phantom but also 
complex fi eld setups that include heterogeneity to simulate patient setup. 
Anthropomorphic phantoms provide a useful way to determine the overall accuracy of 
the acquired data and TPS dose calculation algorithm accuracy. The Radiological 
Physics Center (RPC) provides such phantoms for various body sections, for sites par-
ticipating in Radiation Therapy Oncology Group (RTOG). Alternatively, they may be 
obtained from Radiation Doimetry Services (RDS) at MD Anderson Cancer Center, 
Houston, TX. Additionally, end-to-end analysis with phantoms imbedded with known 
objects with fi lm provide overall system imaging, mechanical and dosimetry accuracy.   

4.3     Quality Assurance 

 For any system that is used for SBRT or SRS, which delivers a very high dose to a 
region in a single or a very small number of fractions, a systematic evaluation of the 
treatment accuracy is required. This would include CT/MR imaging, fusion 
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  Fig. 4.3    Effect of gantry angle tilt on the profi les of a 6 MV beam for 30 × 30 cm 2  fi eld at 10 cm 
depth (From Klein et al. [ 1 ]; used with permission)       
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uncertainties, planning calculation, target localization and then dose delivery. 
AAPM Task Group 101 report on “Stereotactic Body Radiation Therapy” Section 
VII.B states that “Specifi c tests should be developed to look at all aspects of the 
system both individually and in an integrated fashion” [ 2 ]. 

 In this section, we are assuming that routine quality assurance has been con-
ducted for the accuracy of CT/MR imaging, fusion and the treatment planning sys-
tem, and will concentrate on the quality assurance procedures needed for target 
localization and dosimetry. 

 Ensuring target localization accuracy is a top priority for SBRT/SRS treat-
ments. Because of the high dose delivered per fraction, any slight deviation in 
targeting accuracy could result in potentially damaging dose to the normal tissue, 
and it may be impossible to correct for any such errors in radiation delivery by 
modifying subsequent fractions. The standard for determining this targeting 
accuracy is the “Winston-Lutz” test or similar procedures for frameless SRS/
SBRT procedures [ 11 ]. 

 Since most of the currently available SBRT systems utilize either stereoscopic 
localization x-rays or CBCT for target localization and patient set up, in addition to 
the basic check on treatment beam and imaging isocenter, microMLC positioning, 
quality assurance on the imaging system and couch shift positioning accuracy is 
also needed. For any IGRT procedures that are used to ensure target localization 
accuracy, quality assurance of the imaging system is essential, following the test 
and frequency as shown in Table  4.2 .

4.3.1       Imaging System Quality Assurance 

 Since the primary goal of an IGRT system is to localize target and organs at risk 
in the treatment room and derive correction strategies to minimize geometric 
uncertainties, any signifi cant deviation from baseline could impact the accuracy 
of the IGRT system. Therefore, it is essential that the imaging system perfor-
mance is kept at an optimal level with the highest accuracy possible. Both the 
kV-CBCT and MV-CBCT systems necessitate calibration procedures to prop-
erly register the treatment beam isocenter and correct for accelerator and imag-
ing component sags and fl exes, to certify the geometric accuracy of the imaged 
guided procedures. 

 In addition, image quality, scale and distance accuracy, contrast resolution, spa-
tial and contrast resolution, noise, image registration accuracy and the accuracy of 
remote controlled couch are also important aspects of quality assurance for these 
systems. These aspects and patient safety all need to be part of a regularly scheduled 
QA program designed and managed by medical physicists. 

 The importance of quality assurance for on-line imaging systems has been rec-
ognized by the community and by AAPM (Task Group 142: QA of Medical 
Accelerators – this report has a section on imager QA). Tables  4.2  and  4.3  specify 
the frequency and tolerance of certain tasks that is recommended for both planar 
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and cone beam images. The tasks include (1) safety and functionality; (2) geometri-
cal accuracy: Imager isocenter accuracy, 2D2D match and couch shift accuracy, 
Image magnifi cation accuracy, Imager isocenter accuracy with gantry rotation; (3) 
image quality: Contrast and spatial resolution, Hounsefi eld Units linearity and uni-
formity, In-slice spatial linearity and slice thickness [ 1 ].

    Table 4.2    Summary of relevant imaging tolerances for SRS/SBRT   

  Daily  
 Procedure  Tolerance 
 Planar kV and MV (EPID) imaging  SRS/SBRT 
 Collision interlocks  Functional 
 Positioning/repositioning  ≦1 mm 
 Imaging and treatment coordinate coincidence (single gantry angle)  ≦1 mm 
 Cone-beam CT (kV and MV) 
 Collision interlocks  Functional 
 Imaging and treatment coordinate coincidence  ≦1 mm 
 Positioning/repositioning  ≦1 mm 
  Monthly  
 Contrast  Baseline 
 Imaging and treatment coordinate coincidence (four cardinal angles)  ≦1 mm 
 Scaling  ≦2 mm 
 Spatial resolution  Baseline 
 Contrast  Baseline 
 Uniformity and noise  Baseline 
 Planar kV imaging 
 Imaging and treatment coordinate coincidence (four cardinal angles)  ≦1 mm 
 Scaling  ≦1 mm 
 Spatial resolution  Baseline 
 Contrast  Baseline 
 Uniformity and noise  Baseline 
 Cone-beam CT (kV and MV) 
 Geometric distortion  ≦1 mm 
 Spatial resolution  Baseline 
 HU constancy  Baseline 
 Uniformity and noise  Baseline 
  Annual  
 Planar MV imaging (EPID) 
 Full range of travel SDD  ≦5 mm 
 Imaging dose  Baseline 
 Planar kV imaging 
 Beam quality/energy  Baseline 
 Imaging dose  Baseline 
 Cone-beam CT (kV and MV) 
 Imaging dose  Baseline 

  Modifi ed from Klein et al. [ 1 ]; used with permission  
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   In addition, a special task group has been formed, TG-179, to come up with rec-
ommendations for quality assurance for Image-Guided Radiation Therapy Utilizing 
CT-based Technologies. Even though the task group recommendation itself has not 
been published, a white paper has been created and submitted to specifi cally advise 
users on the frequency and types of quality assurance needed for the various types 
of imaging modalities [ 12 ]. 

 As a result of the critical importance of the imaging system in SBRT patient 
positioning, daily quality checks on geometric accuracy are necessary. TG-179 
recommends that daily QC tests for CT-based IGRT systems be performed. For 
example, a phantom with multiple markers at known positions would provide 
information on volumetric image orientation, confi rm source-to-imager distance, 
assess image sharpness, and even assess dose. Currently, these phantoms are 
aligned to the accelerator isocenter using the room lasers, even though this would 
speed up the execution of the daily test, however, the test accuracy would be lower. 

 By using the “residual correction error” method, the physicist can verify the 
accuracy of the robotic couch, ensure proper operation of the IGRT device and to 
assess communication between the image registration software and the remote- 
controlled couch is working correctly. The residual correction error can be deter-
mined by placing a phantom at isocenter, apply a known displacement from 
isocenter, acquire a localization image dataset to assess the couch motions 
required to align the phantom with a reference CT dataset, and target the phan-
tom as in the image-guided treatment. A verifi cation image dataset is acquired 

    Table 4.3    Summary of relevant tolerances for SRS/SBRT   

  Daily  
 Procedure  Tolerance 
 Laser localization  1 mm 
 Distance indicator (ODI) @ iso  2 mm 
 Collimator size indicator  1 mm 
  Monthly  
 Typical dose rate output constancy  2 % (@ stereo dose rate) 
 Treatment couch position indicators  1 mm/0.5° 
 Localizing lasers  <±1 mm 
  Annual  
 Typical dose rate output constancy  2 % 
 Treatment couch position indicators  1 mm/0.5° 
 Localizing lasers  <±1 mm 
 SRS arc rotation mode (range: 0.5–10 MU/
deg) 

 Monitor units set vs. delivered: 1.0 MU or 2 % 
 Gantry arc set vs delivered: 1° or 2 % 

 X-ray monitor unit linearity (output 
constancy) 

 ±5 % (2–4 MU), ±2 % ≥5 MU 

 Coincidence of radiation and mechanical 
isocenter 

 ±1 mm from baseline 

 Stereotactic accessories, lockouts, etc…  Functional 
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and registered again to the reference CT dataset after the suggested couch correc-
tion is applied, using the linac console. The displacement indicated from register-
ing the verifi cation dataset to the reference CT defi nes the residual error of the 
couch correction. This value should be near 0 ± 2 mm, according to TG-179. 

 This simple approach would help to determine not only the imaging localization 
accuracy, but also potential problems with the fusion/deviation calculation part of 
the IGRT procedure. 

 After the IGRT system localization accuracy is assured, quality assurance on the 
dosimetry would need to be conducted. The IGRT system accuracy should be 
assessed routinely, daily imaging isocenter check and simple localization check 
should be done daily when there is SBRT treatments. 

 Similarly, image quality issues such as spatial integrity, uniformity of the panel 
signal, contrast detectability and resolution, CT number accuracy and stability and 
imaging dose all need to undergo a quality check on a monthly basis, according to 
the recommendation of TG-179.  

4.3.2     Dosimetric Quality Assurance 

4.3.2.1     Validation Measurement Vs. Treatment Planning Output 

 After commissioning of the treatment planning system, and before the start of SBRT 
programs, validation measurements should be conducted. 

 Simple square fi eld or circular cone fi eld size outputs and PDD/energy should be 
independently verifi ed based on new measurements and compared with treatment 
planning calculations. For absolute dosimetry, pin point chamber or diode should be 
used for small fi eld sizes. However, energy dependence of the diode response should 
be taken into consideration when conducting the energy check, and some cross cali-
bration might be warranted. 

 Once the output and energy of the calculation is verifi ed to be accurate for square 
fi elds and circular fi elds, simple 3D plans such as the 4 fi eld box, opposed fi elds, and 
some IMRT plans should be planned and delivered, and verifi ed at least using single 
ion chamber measurements to verify the dose calculation and delivery accuracy. 

 Then typical SBRT sites and plans (spine, brain, lung, prostate, pancreas, etc..) 
should be verifi ed with different collimator/fi eld sizes to cover the whole range of 
possible fi eld size, and different tracking methods (i.e. kV imaging, cone beam, 
for CK, different track algorithms). If multiple metastasis will be treated in the 
SRS/SBRT program, double or multiple isocenters plans would needed to be veri-
fi ed as well. 

 These measurements are the end-to-end tests that need to be conducted to ensure 
that the TPS is calculating the correct dose, and that the IGRT imaging system and 
the tracking/delivery system is delivering accurately. The process should start with 
CT scanning of phantom with hidden target suited for the sites under testing. For 
example, if one is to test the spine tracking delivery module on the Cyberknife, it is 
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essential to use a phantom that has features that is suitable to test the spine tracking 
algorithm. Same thing if the site under testing is for respiratory gating or Synchrony 
tracking, a motion phantom should be used. 

 Small fi eld sizes should be emphasized during these End-to-End tests, since this 
particular area is most prone to commissioning inaccuracy and also dose planning 
uncertainty. Film would give the highest resolution for the isodose distribution veri-
fi cation, but care must be taken to ensure that the fi lms are calibrated so the dose 
uncertainty is within 2 or 3 %.  

4.3.2.2     Routine Quality Assurance Program 

 Once the validation measurements are completed, and the End-to-End tests shown 
dose targeting accuracy within 1 mm, SBRT treatments could be initiated. 

 However, there are many routine quality assurance measurements needed to 
ensure the continuing dosimetry accuracy for these treatments. 

   Beam Stability Test 

 The output and energy of the beam should be checked daily. Special equipment for 
SBRT could be used to check more beam characteristics daily, such as the SRS 
profi ler, daily QA 3, etc. For example, using the SRS profi ler could check that the 
beam fl atness and symmetry are constant. 

 Based on TG 142’s recommendation on QA of Medical Accelerators [ 1 ], the 
highlights pertaining specifi cally to SRS/SBRT are listed in Table  4.3 . 

 For SBRT/SRS treatments delivered using micro-MLC or high defi nition MLC 
(such as Novalis and Varian TrueBeam), it is recommended that physicists consult 
with TG-142 Table V for MLC quality assurance, but bear in mind that tighter toler-
ance (constancy and accuracy to the sub mm) would be needed for these high defi ni-
tion MLCs. 

 For Cyberknife robotic radiosurgery, TG 135 recommends individual component 
QA and overall system QA, with specifi c daily, monthly and annual frequency and 
tolerance.  

   End-to-End Test: Including Motion Tracking/Gating End-to-End Test 

 Based on TG101, the individual components of the SBRT process (imaging, local-
ization, treatment delivery, etc.) each have associated error [ 2 ]. The cumulative 
system accuracy for the procedure could be signifi cant even if each of these indi-
vidual errors is small by themselves. Therefore, the cumulative system accuracy 
needs to be characterized through an end-to end test using phantoms with measure-
ment detectors and imaging on a routine basis, probably on a monthly or twice a 
month basis. 
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 Therefore, End-to-end tests have to be done during validation measurements 
before the SBRT program begins, routine End-to-end test should be conducted to 
ensure continuing whole procedure accuracy. Depending on the treatment types, 
End-to-End tests could be done on the physicists’ discretion. For example, if the 
SBRT program primarily treats spine lesions, then respiratory gating/tracking End-
to- end tests might not have to be done as frequently, but should be done before such 
patient is to be treated.    

4.3.3     Patient Specifi c QA 

 According to TG101, treatment-specifi c and patient-specifi c QA procedures should 
be established to govern both the treatment planning and delivery process as a whole 
as well as to provide sanity check of the setup. 

 For a new SBRT program, more frequent patient specifi c QA should be con-
ducted until the physicist in charge is confi dent of the delivery accuracy of the 
modality. 

 For small fi elds, patient specifi c QA should be done to ensure that the dosimetry 
is accurate. For example, if the physicist feels that the output factor measured for an 
extremely small fi eld carries an uncertainty, he/she might want to conduct patient 
specifi c QA for any plans that involve the extremely small fi eld. Patient specifi c QA 
should also be done if the physicist is concerned about the microMLC or the IRIS 
positioning accuracy for a small fi eld. For example, a Cyberknife physicist might 
want to conduct patient specifi c QA for all patients treated with the 5 or 7.5 mm 
collimators since these fi elds involve both potential measurement uncertainty and 
positioning uncertainty. 

 These small fi eld size patient specifi c QA measurements should be conducted 
using equipment that has the correct resolution, using fi lm to obtain isodose distri-
bution, and using either pin point chamber or diode for absolute measurement to 
avoid any volume averaging issues. Therefore, the popular MapCheck or Matrix 
might not be suitable for the really small fi elds due to low density and larger spacing 
of the detectors, and fi lm should be used.   

4.4     Treatment Planning 

4.4.1     Introduction 

 Delivering ablative or near ablative doses using stereotactic body radiation therapy 
(SBRT) requires treatment planning to be of the highest quality to minimize the poten-
tial for severe toxicities. In conventional radiation therapy the goal of the planner is to 
cover the target to a uniform or homogenous prescribed dose. The requirement of deliv-
ering a very high dose with an extremely sharp fall off is the fundamental difference 
between SBRT and conventional radiation therapy (CRT). To accomplish this, the 
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beam arrangement will include a multitude of non-coplanar beams or arcs to keep the 
entrance dose low and the dose gradient high. As a result, homogeneity is lost and the 
targets have hot spots, sometimes above 20 % and even as high as 50 % depending on 
the modality. Rather than being a problem, this is seen as a clinical advantage [ 2 ]. 

 Stereotactic refers to locating, targeting and planning with known 3-D coordi-
nate systems which creates another fundamental difference between CRT. CRT tra-
ditionally relies on the anatomical or clinical patient set up while SBRT relies on 
image guidance to monitor the target or a surrogate for the target. Treatment plan-
ning starts at simulation with additional requirements for SBRT and does not end 
with beam delivery but with a continued group effort of quality assurance through-
out all steps of the process. The following will describe briefl y the fundamentals of 
treatment planning found in SBRT.  

4.4.2     Simulation, Motion Management and Target Delineation 

 In addition to providing effective immobilization, Simulation must assess the tar-
gets’ motion. There are many ways to accomplish this. Commonly used techniques 
include slow CT, breath hold inspiration/expiration scans and 4D reconstructed 
CTs. All of these methods are discussed at length in TG-91 and TG-101 [ 2 ]. 
Depending on the system employed, abdominal compression can also be utilized to 
reduce motion due to respiration, thereby also reducing the margins needed to cover 
the target. Another strategy is to employ respiratory gating. Lastly, assessing 
whether or not a patient can tolerate longer treatment times, some exceeding an 
hour, is of critical importance as well. For example, in a lung case it may be of 
dosimetric advantage to treat a patient prone but if the patient cannot reliably hold 
that position then it could compromise treatment delivery. 

 The SBRT requirements of assessing motion of well-defi ned targets and organs 
at risk require multiple imaging sets to be fused. Additional image sets can be fused 
for target and critical structure delineation. For example, MRIs can be used for 
delineation of brain lesions and critical structures nearby such as optical chiasm and 
brain stem. PET scans can further help localized targets and distinguish between 
disease and normal tissue (Fig.  4.4 ).

   Once the fusion is complete and the motion is assessed, the Radiation Oncologist 
can create an Internal Target Volume (ITV) which is a volume that encompasses the 
CTV and any motion due to respiration, rotations or organ deformations. It is impor-
tant to note that the CTV will often equal the GTV due to the need to keep the target 
volume minimized. Target delineation is not a straight forward task and often the 
exact motion cannot be determined due to deformations and rotations. Assessing the 
motion of the target determines the margins and therefore the greater uncertainly in 
motion, the greater margins must be used. In the case of fi ducial or electromagnetic 
tracking, fusions also determines whether or not the target moves with the fi ducial. 
This relationship between the fi ducial and the target must be well known for planning 
and delivery [ 13 ]. With multiple targets, the tracking can be complicated if it is deter-
mined they are moving synchronously.  
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4.4.3     Dose Heterogeneity and Prescription Normalization 

 Delivering large does with an extremely sharp dose gradient is achieved by using 
several non-coplanar beams. This technique also lowers the entrance dose and 
consequently prevents acute skin toxicities. As discussed previously, these beam 
arrangements create large dose heterogeneities which can be used a clinical tool 
by shaping the dose distribution, or dose painting. Hot spots can then be encour-
aged to populate contrast enhancing, FDG avid, and suspected hypoxic areas. The 
idea of dose painting in SBRT is to ensure the target receives as high a dose as 
possible while keeping critical structures as low as reasonably achievable; some-
times leading to a compromise of target coverage while meeting critical structure 
tolerances. The homogeneity index is a metric that is used to capture this infor-
mation. There are many different proposed methods to calculate HI but in general 
it can be thought to be proportional to: HI = Maximum dose/Prescription dose 
(Fig.  4.5 ).

   Similar to conventional radiotherapy, there are many ways to normalize a pre-
scription, such as prescribing either to the isocenter or to the PTV. A common con-
vention in SBRT is prescribing to an isodose line as a percentage of the maximum 
dose point and not the prescription dose. In Fig.  4.6  the isodose lines are percent-
ages of the maximum dose, for example, the orange line is 76 % of the maximum 
dose which is the prescription divided by the normalization or 24 Gy/0.76 = 31.58 Gy. 
As a result, it is often more useful to display the isodose lines as the actual absorbed 
dose values rather than percentages. This can translate the isodose lines into conven-
tional fractionation. With the previously example of 24 Gy in 3 fractions, the 20 % 
line or 6.3 Gy line is approximately 2 Gy per fraction.

a b

  Fig. 4.4    Expiration and inhalation CTs on a lung window are fused and displayed in a color over-
lay. ( a ) Image on the left is fused to the spine and the lung motion is apparent. ( b ) On the right is 
fused to the fi ducial or in other words, comparing movement relative to the fi ducial. It can be seen 
that the lesion is moving with the fi ducial and is therefore a good surrogate for the lesion’s motion       
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4.4.4        Practical Considerations 

 When creating a beam arrangement, a common approach is to avoid critical 
structures when possible. Mechanical limits and the potential for patient collision 
are also considered. Because of this, SBRT beam angles are more constrained 
than for cranial targets and larger patients add to the constraints. It is therefore 
important for the treatment planner to be aware of these restrictions and deter-
mine if there is a potential problem [ 14 ]. In some clinics, a dry run of the fi nal 
plan is performed to conclude there will be no collisions. Furthermore, a Radiation 
Therapist may set up the patient and rotate the gantry to all positions just prior to 
treatment delivery. 

 While the goal is to create a conformal plan with a sharp dose gradient, is it 
sometimes necessary to accept a clinical compromise between conformality and 
creating a sharp dose gradient. This is seen with strict dose tolerances, such as the 
spinal cord, or when the planner can encourage exit and entrances doses to a spe-
cifi c area. The conformality index is a metric used to describe how closely the 
prescription isodose line circumscribes the target volume. It is defi ned as 
CI = Prescription Isodose Volume / PTV Volume with the goal of 1 in an ideal plan 
(Fig.  4.6 ). 

 SBRT normal tissue tolerances are not generally well known and/or validated 
due to the dramatic differences in fractionation schemes. Because dose tolerances 
cannot be extrapolated, treatment planners rely on in-house or RTOG protocols or 
institutional experience for observed toxicities. However, there are resources 
available in the AAPM TG-101 and in RTOG protocols. Moreover, SBRT late 
effects as well as retreatment tolerances are still not known [ 2 ]. Table  4.4  is from 
AAPM Task Group Report 101 displaying tolerances compared to fractionation 
schemes which can be useful to change fractionation to meet dose tolerances.

a b

  Fig. 4.5    Two pancreas SBRT plans with identical prescriptions (24 Gy in three fractions, normal-
ized to 76 %). By looking at the 96 % isodose line ( yellow ) and the 90 % isodose lines ( green ), it 
is clear that these metrics alone do not completely describe the dose distributions       
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  Fig. 4.6    SBRT spine plan demonstrating a compromise of anterior coverage for a steep posterior 
gradient protecting the spinal cord       
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Chapter 5
Radiobiology of High Dose Fractions

Bleddyn Jones and Roger G. Dale

Abstract  Advances in the technology of radiotherapy delivery have resulted in 
deliberate radiation fluence and dose displacement away from designated normal 
tissues, and with improved conformity of tumour dose. This applies to normal tis-
sues outside the planning target volume (PTV) in most cases. The prospects for 
hypofractionation improve in these circumstances provided that loss of function of 
the normal tissue included in the PTV is not considered harmful or deleterious to the 
subsequent health and well-being of the patient.

The radiobiology of large fractions is considered in the context of the linear 
quadratic (LQ) model of radiation effect and the concept of the biological effec-
tive dose (BED). One feature of the model is that it might overestimate high frac-
tional dose effects especially in tumours or tissues which have low α/β ratios. For 
normal tissues, this is probably advantageous since the model provides a ‘worst 
case scenario’, and protects against overdosage. Substantial benefits in the thera-
peutic ratio with increasing fractionation only apply where there is a marked dif-
ference between the α/β ratios of the tumour and relevant normal tissues. Thus 
slow growing tumours with low α/β ratios are preferred candidates for hypofrac-
tionation. Where high dose fractions are employed it is vital to ensure that the 
prescribed dose is not exceeded in relevant normal tissue where overdosage can be 
harmful.

Some worked examples are given to illustrate these principles, using BED calcu-
lations, with examples of how to include straightening out of the dose response 
curve.
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effective dose (BED)
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5.1  �Introduction

Quantitative radiobiological analysis of conventional radiotherapy schedules is usu-
ally performed by means of the well-established linear-quadratic (LQ) model of 
radiation effect [1–3]. The model, which is based on assessments of surviving frac-
tion following radiation inherently includes all known modes of cell death due to 
radiation exposure, such as apoptosis, autophagy and bystander effects. At high 
fraction doses it should be noted that most cell death will occur due to intra-mitotic 
death, since the other forms of cell death become saturated at relatively low dose, 
usually below 2Gy. As well as the direct effect of cell killing, there will also be sec-
ondary or ‘indirect’ components which effect tumour and normal tissue responses, 
mostly due to associated vascular injury resulting in an ‘avalanche’ effect. Such 
effects can also be expected to be a function of dose and tumour cell kill.

In the most common applications the LQ model uses tissue-specific parameters,
primarily the so-called α[alpha]/β[beta] ratios (which relate to dose fraction sensi-
tivity), together with other parameters, such as those which adjust for dose rate 
effects, inter-fraction intervals or overall treatment time. These parameters are used 
in conjunction with the medically controllable treatment dose prescription details 
(dose per fraction, total dose and overall treatment time), in order to assess the bio-
logical effect of schedules on both tumour and normal tissue. The LQ model is also 
extensively used in the assessment of other types of radiation treatment delivery, 
such as those involving continuous low dose-rate irradiation, permanent radioactive 
implants and treatments which make use of more exotic types of radiation, such as 
brachytherapy, protons or ions [4–8].

The ability to quantify the differential response between different tumours and 
normal tissues is a major feature of all LQ methodology and allows comparison of 
the relative merits of different schedules. It also opens the way to the design of
alternative dose-time schedules as well as in the use of new radiation treatments 
which may offer better therapeutic effects, such as improved or maintained tumour 
control in association with the same or reduced normal tissue complications.

In fractionated radiotherapy applications, the LQ model is essentially reliable
provided the individual fraction sizes are around 6Gy or less. Beyond 6Gy the pre-
dictive reliability of the model is seen to deteriorate in some cell assay systems, 
marginally at first but more significantly when fraction size is >10Gy. This is a
consequence of the quadratic cell-kill component inherent in the model and which 
predicts that cell survival curves should continue to bend downwards indefinitely 
with increasing fraction dose (Fig. 5.1). In measured survival curves the continuous
“downward curvature effect” is seen in some cases to moderate at higher doses, with 
cell survival curves appearing to become straight (or almost straight) at very high 
dose. This may be due to overkill processes or saturation of intracellular repair 
mechanisms. As a result, and irrespective of the exact mechanisms involved, LQ 
predictions based on parameters determined from treatments using conventional 
dose fraction sizes are likely to over-estimate the biological impact (cell kill) of 
treatments utilising very high doses per fraction.
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Fig. 5.1  The solid line shows the typical variation of cell survival with fraction size as predicted 
by the standard linear-quadratic (LQ) model [Eq. 5.2]. The curve is characterised by a finite initial 
slope at zero dose and an ever-increasing slope as dose increases. In practice however, most human
cell lines do not bend downwards indefinitely but tend to a finite limiting slope (dotted line). In the
case illustrated here the deviation in response from the standard LQ prediction begins at around 
6–7 Gy and thereafter becomes increasingly significant, with the LQ model over-estimating the
effect actually achieved. Radiobiological assessments of treatments which utilise high dose frac-
tions (typically >10 Gy) must therefore make allowance for this potential weakness in the basic LQ
model
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Although the LQ model remains the method of choice for quantitative evaluation 
of radiotherapy treatments, it should be noted that the earlier multi-target (MT) 
model does predict the observed “straightening out” of cell survival curves at higher 
doses. In practice the MT model is much less amenable to clinical application than
the LQ model (especially over the conventional range of dose/fraction) but, as dis-
cussed below, attempts have been made to empirically combine the main features of 
the two models in order to provide better predictions over a wider dose range.

5.2  �The Basic LQ Model

The LQ model was originally used to provide an empirical fit to observations on 
radiation chromosome damage by Lea & Catcheside [9] and also to fit radiation 
induced suppression of broad bean growth and development by Gray and Scholes
[10]. However, LQ-type formulations can also be developed from more rigorous 
bio-physical considerations by considering how radiation damage accrues from 
immediately lethal radiation events and from the complementary interaction of sub-
lethal events irrespective of their precise molecular basis [1, 11, 12]. The propensity 
for lethal damage to be created through these two alternative processes is reflected 
in the two radiosensitivity coefficients (α[alpha] and β[beta]) which are principal 
features of the model.

The essential mathematics behind the LQ model is as follows:
For a single acute fractional dose of magnitude d, the total number of lethal 

lesions produced is L, where:

	
L alpha d beta d= [ ] + [ ]α β 2

	
(5.1)

The surviving fraction of cells (S) is expressed as the probability of no lethal hits as 
deduced from Poisson statistics and is written simply as:

	
S L= -( )exp

	


i e S alpha d beta d. . : exp= − [ ] [ ] a b− 2

	
(5.2)

Equation 5.2 describes the shape of the LQ cell-survival curve for a specific cell line 
or tissue type in terms of the relevant α[alpha] and β[beta] values which characterise 
them and, as noted above, is characterised by a continuous downward curvature (ie 
increasing steepness) with increasing d. When plotting cell-survival curves it is the 
universal practice to use a linear scale for d (on the x-axis) and a logarithmic scale 
for S (on the y-axis). The adoption of this convention allows easy visualisation of 
the characteristics of cell survival curves and of any differences that may exist 
between alternative cell lines.

In Eq. 5.2 the magnitude of α relative to β[beta] determines the increment of 
effect with increasing dose per fraction, the trend becoming more particularly pro-
nounced at higher fraction doses. This is because the β[beta]-component of cell kill 
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is related to the square of the dose (d2) and it thus follows that the downward curva-
ture of the cell survival curve will be more pronounced in tissues for which β is rela-
tively large compared with α[alpha], i.e. in tissues with lower α[alpha]/β[beta] 
ratios. Since late-responding normal tissues (LRNTs) are usually associated with
smaller α[alpha]/β[beta] values than are many fast- growing tumours (typically 
2–5 Gy cf 7–20 Gy), it follows that the LQ cell-survival curves of the former will
exhibit more pronounced curvature than the latter.

In practice the cell surviving fraction is a cumbersome measure of treatment
efficacy and a more useful parameter to use is the so-called Biologically Effective 
Dose (BED). BED is a measure of the overall “biological impact” of a schedule and 
takes account of the specific radiation response characteristics of the irradiated tis-
sue by means of the inclusion of the relevant α[alpha]/β[beta] value in its calcula-
tion. Thus, even though two adjacent tissues might each receive the same 
radiotherapy fractionation schedule, their BEDs can be different because of the dif-
ferent tissue specific α/β[beta] values. The usefulness of the BED concept lies in the 
fact that it allows the design of new schedules (which may involve different frac-
tionation) to be iso-effective to existing, well-tried, schedules. Since there are two 
ways of matching iso-effectiveness (for the tumour and LRNT responses) then there
is the possibility of designing a new schedule which is radiobiologically superior, 
i.e. in terms of increased tumour BED and/or reduced LRNT BED.

In words, BED is defined to be the negative of the logarithm of surviving frac-
tion, divided by the linear radiosensitivity coefficient (α[alpha]). More usefully, 
BED may be thought of as the dose required if given in ultra-small fractions and 
represents the ‘ceiling’ dose capable of causing the observed effect. Derivation of 
the BED from Eq. 5.2 is thus effected by taking natural logarithms of both sides of 
the equation and dividing throughout by α[alpha]:

	

BED
S

d
d= − = +

( )
ln

/a a b

2

	

(5.3)

Equation 5.3 provides the BED value for a single fraction. For a complete treatment 
involving N well-spaced fractions the resultant BED (BEDN) is simply N times
larger than the single fraction BED, i.e.:

	

BED N d
d

N = +
( )











2

a b/
	

(5.4)

Equation 5.4 is usually written in the more familiar form:

	

BED Nd
d

N = +
( )









1

a b/
	

(5.5)

Since Nd is the total physical dose delivered in a treatment, it follows that the BED
is the product of the physical dose and a factor [the bracketed term in Eq. 5.5] which 
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is dependent of the dose/fraction and the α[alpha]/β[beta] value characteristic of the 
tissue under consideration. As noted earlier, LRNTs are generally characterised by
smaller values of α[alpha]/β[beta] and therefore, for a given N and d, are associated
with a higher BED than tumours. Once calculated, BED acts as a reference value for 
iso-effect so that it is possible to estimate the dose per fraction and number of frac-
tions required to achieve the same BED using different schedules.

5.3  �Example of Simple LQ Modelling

Suppose it is required to emulate the biological effects of a conventional (60 Gy in
2 Gy-fractions) treatment with a single fraction treatment involving highly-focussed
beams. What single fraction dose should be delivered?

Firstly, we consider the tumour (assumed α[alpha]/β[beta]=10 Gy for a rapidly
growing tumour). From Eq. 5.5, the BED (BED30) delivered in the conventional
30-fraction treatment is:

	
BED Gy30 30 2 1

2

10
72 10= × × +




=

	
(5.6)

(The Gy suffix of 10 is simply a reminder of the α[alpha]/β[beta] value used in the 
calculation).

If X is the total dose required in the single-fraction treatment to deliver this same
BED then, from re-application of Eq. 5.5 it follows that:

	
1 1

10
72 10× × +




=X

X
Gy

	
(5.7)

Equation 5.7 is a quadratic equation for which the solution is X=22.3 Gy. Thus for
equal tumour effect, the “standard” LQ model predicts that a single fraction physi-
cal dose of 22.3 Gy is equivalent to 60 Gy delivered in 30 fractions. However, if the
tumour were to be slower growing and had an α[alpha]/β[beta] of, say, 4 Gy (repre-
sentative of some breast cancers), the associated BED would be:

	
30 2 1

2

4
90 4× × +




= Gy

	
(5.8)

Such a tumour would have enhanced fractionation sensitivity and, in such case, the 
equivalent single dose is given by the solution for X in:

	
1 1

4
90 4× × +




=X

X
Gy

	
(5.9)

which is 17.1 Gy.
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For a LRNT with α[alpha]/β[beta]=3 Gy (and assuming the tissue is subjected
to the same fractionation pattern as the tumour) the BED30 is:

	
BED Gy30 30 2 1

2

3
100 3= × × +




=

	
(5.10)

In this case, the single fraction dose (X) required for equivalent effect is the solution
of:

	
1 1

3
100 3× × +




=X

X
Gy

	
(5.11)

i.e. X=15.9 Gy.
In practice, because the dose-response curves may straighten out (compared

with the increasing curvature predicted by the standard LQ model), the iso-effect 
doses calculated using the above methodology will be under-estimates of the true 
doses required to achieve iso-effect with the original treatment. To that extent such 
calculations tend to “fail-safe”; both the required tumour and normal tissue doses 
will be under-estimated, but the degree of under-estimation is probably greater in 
the latter case. This is because the LRNT dose-response curve has greater curva-
ture (and lower α[alpha]/β[beta] ratio) than has the tumour. In the case of slow
growing tumours with α[alpha]/β[beta] ratios that are close to that of the LRNT,
there should be less difference. However the LQ model will probably continue to 
underestimate the effect and will fail-safe with respect to normal tissue late 
reacting effects.

5.3.1  �Allowance for “Straightening-Out”  
of the Dose-Response Curve

Some authors [13] have suggested methods which emulate the gradual transition of 
the dose-response from purely-LQ to one which is increasingly linear at higher 
doses and which mirrors the predictions of the MT model discussed earlier. It is
claimed that such approaches may be better suited for assessing high-dose-fraction 
radiotherapy, but others [14] consider that the consequential introduction of a new 
layer of complexity requires more caution to be exercised in the application of the 
model. Indeed, Fowler [14] suggests that reasonable accurate prediction of response 
at high fractions is more easily possible by the simple expedient of selecting a 
higher α[alpha]/β[beta] value for the BED calculations, e.g., in the case of a typical 
tumours, selecting a value of 20 Gy instead of 10 Gy.

As a further alternative we present here an essentially simplistic model which 
assumes that the transition from pure LQ cell kill to purely logarithmic (i.e. straight-
line) cell kill is abrupt rather than gradual and occurs at a specific fraction size (c). 
In this model the log cell kill at lower doses will be given by the LQ expression and,
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beyond a certain dose (c), the slope of the dose-response curve will remain constant. 
In terms of the number (L) of lethal lesions created:

	

At low fraction doses less than c Eq holds i e L alpha( ) ( ) [ ]=. . , . . :5 1 α dd beta d

At dosegreater than c L alpha c beta c alph

+

= + +
[ ]

[ ] [ ]
β

α β α

2

2: aa beta c d c[ ] [ ]( )( )+ −2b
	

(5.12)

Equation 5.12 is derived by considering that the slope of the dose-response curve 
beyond dose c is linear and therefore has a constant slope given by the value of the 
first differential coefficient of the linear quadratic equation at dose c, represented by 
the term α + 2βc.

Following exactly the same sequence of steps as were applied in Eqs. 5.1, 5.2, 
5.3, 5.4, and 5.5, the BED (BEDN) for N fraction treatments involving fraction doses
greater than c is given by:
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Equation 5.13 simplifies to:
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(5.14)

For purposes of illustration, we assume that the cross-over from LQ cell kill to lin-
ear (logarithmic) cell kill occurs at 10 Gy, i.e. c=10 in Eq. 5.14. Then, again follow-
ing the steps used earlier, for a single fraction treatment to be iso-effective to a 
conventional 30×2 Gy treatment:

	
For a tumour alpha beta Gyα β[ ] [ ] =( ) × × + −







/ :10 1 1

10

10
2

10
d

d



 = 72 Gy10

	
(5.15)

i.e., the single fraction iso-effective tumour dose (d) is 27.3 Gy (cf 22.3 Gy derived
above for the “pure-LQ” case).

	
In thecaseof aLRNT alpha beta Gyα β[ ] [ ] =( ) × × + −





/ :3 1 1
10

3
2
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d

d 






 =100 Gy3

	
(5.16)

i.e., the single fraction iso-effective LRNT dose (d) is 17.4 Gy (cf 15.9 Gy derived
above for the “pure-LQ” case).

These examples show how standard BED equations (those assuming that the LQ 
model holds for indefinitely large fraction doses) will always underestimate the  
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iso- effective doses required for treatments involving high fraction doses. However, 
caution must be advocated in applying this alternative and un-tested BED approach, 
but it might be useful for those who wish to analyse their data and attempt to isolate 
what is the best dose in particular situations for c.

5.3.2  �Normal Tissue “Hot-Spots”

The assessment of any treatment must include careful consideration of areas of 
normal tissues which receive doses in excess of the prescription dose [15]. Within 
the LQ model and BED formulation these can be accounted for by a term x where, 
for example, x = 1.05 represents a 5 % increment in dose, x = 1.07 a 7 % increment 
etc. Thus, any dose per fraction (d) is increased to dx and the BED [Eq. 5.5] is modi-
fied to become:

	

BED Ndx
dx

N = +
( )









1

a b/
	

(5.17)

Since the dose increment (x) is experienced by both, the total dose (Ndx) and the
fractional dose (dx) in the bracketed term of Eq. 5.10, it is clear that the resultant 
increment in BED is supra-linear. Thus, additional dose can produce higher incre-
ments in bioeffect than would be expected from the dose increment itself. In the
case of normal tissue ‘hot-spots’ when 2 Gy fractions are prescribed, the incremen-
tal effect in the higher dose areas, usually normal tissues included within the clinical 
target volume (CTV) and planning target volume (PTV), has been termed “double 
trouble” and may be significant. A further supra-linear increment in BED occurs in 
the hot-spots when the prescription dose per fraction is increased beyond 2 Gy; this
has been called “treble (or triple) trouble” [15].

Thus greater care is required when considering allowable degrees of dose inho-
mogeneity in normal tissues within PTVs and the dose variation limits accepted for 
2 Gy per fraction may be too great at much higher fraction doses such as 3, 6, 12 Gy
etc. In each case, separate calculations should be performed. This is especially
important in the case of very large fraction sizes, particularly as, in some SBRT
treatments, doses may be prescribed to lower-than-usual isodoses (typically 
50–80  %), meaning that tumour “hot-spots” of around 140–160  % may not be 
uncommon. In principle such a degree of tumour overdosing should be an advan-
tage, but nonetheless great care is still required to ensure that normal structures are 
not being taken beyond their radiation tolerance. The alternative is to accept func-
tional loss in these tissues, which will vary in importance according to the anatomi-
cal site being treated. Such a decision requires clinical judgment and is sometimes 
assisted by Dose Volume Histograms, although these have their own limitations.

By way of example, consider the effect of a 6 % normal tissue hot-spot in the two 
cases considered above i.e., conventional treatment (30 ×2 Gy) versus the
LQ-equivalent single dose treatment (1×15.9 Gy). Both these schedules were
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shown to be nominally iso-effective since each deliver a normal tissue BED of 
100 Gy3.

For the conventional treatment the increased BED in the normal tissue hot-spot 
is [by extension of Eq. 5.8]:

	
30 2 1 06 1

2 1 06

3
108 5 3× × × + ×




=.

.
. Gy

	
(5.18)

i.e., an 8.5 % increase.
For the equivalent single-dose treatment, the increased BED is even higher:

	
1 15 9 1 06 1

15 9 1 06

3
111 5 3× × × + ×



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=. .

. .
. Gy

	
(5.19)

This represents an 11.5 % increase in BED accruing from a 6 % increase in physical 
dose to the hot-spot and could have important clinical significance.

Although normal tissue radiobiology is complex and should take account of the 
integrated effects across the whole tissue or organ, point-BED assessments of the 
type outlined here are nonetheless helpful since they are an easy way of highlighting 
the potential severity of double- or triple-trouble effects. It is, however, important to
note that a single value of BED cannot provide a summary of an entire treatment 
volume in terms of risk, although integrated values and a mean BED can be useful 
in some applications.

Of particular relevance is Niemerko’s concept of Equivalent Uniform Dose
(EUD) which effectively uses the concepts discussed above to derive the magnitude
of the physical dose which, if uniformly applied, would be expected to deliver the 
same biological effect as a given non-uniform distribution [16]. The usefulness of 
EUD mainly lies in the fact that it allows comparison of newer (and possibly non-
uniform) treatments with those conventional schedules which, over many years, 
have contributed to the pool of existing clinical experience. EUDs may, for exam-
ple, be very easily converted to equivalent 2 Gy per fraction schedules.

The limitation with the EUD concept is essentially the same as that noted with
BED. The methodology inherently assumes that biological effect is governed only 
by the surviving fraction of cells. This is probably not unreasonable when considering 
tumours (although it ignores the possibility of, for example, Bystander Effects) but 
the assumption may fall down badly when considering gross normal tissue effects, 
for which the observed response is governed as much by their physiology and com-
plex structural hierarchy as by cell surviving fraction. EUD methods are therefore
probably more reliable in the assessment of TCP, rather than in assessing NTCP.

5.4  �Other Radiobiological Factors

At the high fractional doses used with SBRT the observed in-vivo response may
depend in part on radiation-induced changes to the microvasculature [17]. Further 
support for the role of vascular/stromal damage has been provided by radiosurgery 
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studies on arteriovenous malformations [18]. Such considerations add support to the 
idea that, in addition to the DNA damage observed at all doses, there is a further
radiation effect, related to membrane, vascular and stromal damage, which is only 
observed at higher fractional doses. Furthermore, at higher doses delivered in small 
fraction numbers, any radioresistant subpopulations of cells may respond less 
favourably. In practice these and other mechanisms may act synergistically in ways
which could explain the “straightening-out” effect on the basic LQ response curve 
(as discussed above) or, as has been suggested by some authors, could even lead to 
a response which is greater than that predicted by LQ [19]. Clearly the results of 
well-planned and well-conducted SBRT will play an important role in helping to
clarify such matters.

Other significant radiobiological influences which may impact on treatment out-
come include tumour repopulation effects, the possibility of incomplete-repair 
between dose fractions, durations of individual treatments in excess of about 15 min, 
cell-reassortment and re-oxygenation effects and (especially in relation to normal 
tissues), volume effects. It is possible to allow for the first two of these influences
within LQ methodology but allowance for volume effects is more problematic since 
additional assumptions need to be made in relation to the hierarchical structure and 
physiology of the normal tissue in question. Since the mathematics is in all cases 
quite complex the discussion here will be limited to qualitative explanation of the 
issues involved.

5.4.1  �Tumour Repopulation

Conventional treatment schedules (extending over several weeks) allow the possi-
bility of increased tumour repopulation as treatment progresses, meaning that any 
cells which remain un-sterilised by radiation may progress through their cell cycle 
and continue to divide. A significant feature of the repopulation effect is that it is a 
radiation-stimulated phenomenon and therefore becomes a more sizeable influence 
towards the end of treatment, when most of the prescribed dose has been 
delivered.

Repopulation is particularly significant in SCC-type tumours and the amount of
dose “wasted” in combating such repopulation (once it has got under way) may be 
very high [20, 21]. For such tumours the BEDs are therefore less than would be 
calculated by the simpler formulations [e.g. Eq. 5.5] and a subtractive term should 
be included to allow for the repopulation influence [22].

For radiotherapy involving high-dose fractions the fraction number may be 
small, or may involve just one fraction. In general, therefore, the overall duration of
such treatments will be less than that of a conventional schedule and the loss of 
biological effect on the tumour, due to any concurrent repopulation, will be much 
reduced (or absent in the case of single fractions) and will confer a further therapeu-
tic advantage on high-dose treatment.

As an example of this, consider the standard 30×2 Gy schedule discussed ear-
lier. Using Eq. 5.6 this schedule was shown to be associated with a BED of 72 Gy10. 
However, if substantial concurrent repopulation occurs, the effective BED (and 
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hence, cell kill) may be significantly smaller. In the case of head and neck squamous
cell cancers, repopulation towards the end of treatment may correspond to a high 
BED-equivalent loss of around 0.9 Gy day−1 [23]. Such a high rate of repopulation 
is believed to begin at around 28 days after initiation of treatment so, for a conven-
tional 30-fraction schedule lasting approximately 39 days, the BED loss due to
repopulation is (39—28)×0.9=9.9 Gy10, i.e. the effective BED is reduced to 72.0—
9.9 =62.1 Gy10. Thus, the repopulation “wastage” in the conventional treatment 
amounts to around 14  % of the prescribed BED in this particular case.  For the 
single-dose equivalent schedule of 27.3 Gy [discussed after Eq. 5.15 above], no 
repopulation can occur and hence there is zero dose wastage to this effect. This 
therefore is one of the potential advantages of using high dose-fractions for tumours 
with fast repopulation kinetics, and may apply to all SBRT treatments involving
small fraction numbers in short overall times.

5.4.2  �Problems with Incomplete-Repair  
Following Large Dose Fractions

Conventional fractionation typically involves inter-fraction intervals of 24 h or lon-
ger and a prime radiobiological reason for wanting to retain reasonable time spacing 
between fractions is to allow sub-lethal damage (usually associated with DNA
breaks γ which are not immediately lethal) to repair itself. In the absence of such
repair some of the sub-lethal damage is compounded to additional lethal damage in 
subsequent treatment fractions. In terms of LQ methodology the resultant BED will
be greater than that calculated via Eq. 5.5, which assumes complete repair between 
fractions. Corrections to the model can be made to take account of this effect [24, 25] 
but in some instances they involve fairly complex mathematics, as discussed below.

The parameters which govern how much additional damage will be created by 
too-close spacing of fractions are the sub-lethal damage repair half-times. For 
tumours the half-times are generally quite short (often 30 min or less), meaning that
most sub-lethal damage will repair itself in 24 h fraction intervals and there is effec-
tively no accumulation of compounded damage as treatment progresses. However, 
for some LRNTs, there may be repair components present with repair half-times of
the order of several hours [26–28], meaning that a significant amount of un-repaired 
sub-lethal damage will remain at the end of each dose fraction and which is avail-
able to be compounded (by subsequent fractions) into excess lethal damage. Thus, 
uncorrected BED calculations may significantly under-estimate the potency to nor-
mal tissues of treatments involving close fraction spacing.

When small numbers of large dose fractions are involved (as may happen with 
stereotactic guided therapy etc.) the issue of un-repaired damage may be significant 
even if 24 h inter-fraction gaps are maintained, simply because the large fraction 
sizes create proportionately more sub-lethal damage than do conventional fraction 
sizes and there is thus more to be repaired in each interval. For this reason large-
dose radiotherapy of any kind should be delivered with inter-fraction spacing of 
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(where possible) >24  h or longer. Furthermore, when large-fraction boosts are 
added to conventional radiotherapy schedules, it is better to deliver the large-
fractions at times when there will be longer-than-usual time gaps before treatment 
resumes, e.g., deliver the boost on the Friday before a weekend break.

5.4.3  �Effect of Extended Fraction Times

In conventional radiotherapy the overall fraction time (i.e. the time taken to deliver
the one, two, three etc. applied radiation fields in each daily treatment and including 
the time involved in re-positioning the patient and treatment unit between fields) is 
usually quite short and rarely exceeds 15 min. Even so, for a tumour with a fairly 
short repair half-time (say, 30 min) there will be some sub-lethal damage repair (and
hence, loss of biological effect during the fraction delivery period). Although this is 
probably a real effect it is not normally necessary to be taken into account since 
clinically-evolved conventional treatment schedules will use dose prescriptions 
which inherently allow for any inter-fraction tumour repair.

However, with more complex (e.g. stereotactic) radiation delivery patterns, the 
overall fraction times may be further prolonged (to as much as 1 h or more) and it 
may be necessary to consider the possible significance of the reduced radiation 
impact on the tumour resulting from increased repair. One way of assessing this is 
by means of BED equations which have been derived for use with extended radio-
therapy schedules [29]. For an N-fraction treatment involving fraction dose (d)
being delivered in overall fraction time (T), the relevant equation may be written in 
the form:
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In Eq. 5.13 the parameter μ[mu] is the time constant associated with sub-lethal 
repair and is related to the repair half-time (T1/2) by:

	
m = 0 693

1 2

.

/T 	
(5.21)

Returning to the case of a single fraction of 15.9 Gy we calculate, by way of example,
the BED when fraction duration is extended to 40 min. The tumour repair half-time is 
taken as 30 min (0.5 h). In this case the numerical values to use in Eq. 5.14 are: 
N=1, d=15.9 Gy, T=40/60=0.67 h, µ[mu]=0.693/0.5=1.39 h− 1  and  α[alpha]/
β[beta]=10 Gy.

The resultant BED in this case is 79.1 Gy3, 21 % lower than the BED value of 
100 Gy3 obtained using the conventional equation which assumes instantaneous 
delivery, i.e. Eq. 5.5. This calculation thus illustrates that extending fraction times 
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to a point where they become comparable with, or greater than, the tumour repair 
half-times can lead to significant underestimation of the tumour bio-effect and may 
require physical dose adjustments to compensate. (A similar effect occurs in normal 
tissues. However, the loss in biological effectiveness would be less since the normal 
tissue repair times are generally longer and, in any case, any increase in repair 
occurring in normal tissues would be considered beneficial). Further clinical assess-
ments of so called single fraction treatments given over relatively long durations 
have been published by Hopewell and colleagues [30], using a more sophisticated 
approach with two half times of repair.

5.4.4  �Effect of Cell Cycle Re-Assortment and Re-Oxygenation

Since there are radioresistant phases of the cell cycle, irradiation using multiple 
treatment fractions will overcome the potential inefficiency of a single fraction in 
this respect, but it is not known what optimum fraction number is required to over-
come this effect in individual tumours.

A further issue with low fraction numbers, or treatments given in very short dura-
tions, is that reoxygenation of hypoxic tumours may be incomplete. This problem 
can in principle be partly overcome by use of hypoxic cell sensitising drugs (HCS). 
It is not often acknowledged that HCS were tested along with large single fractions
in animal experiments, but were later found to be of little or no benefit in human 
tumours treated by protracted fractionation schedules [31, 32]. HCS also caused 
considerable toxicity due to cumulative effects in tissues such as the nervous system 
when given with conventionally fractionated therapy, but such effects would not be 
expected with single doses. Early experiments in mice indicated that the optimum 
tumour control could be achieved either with a moderate number of fractions or 
with only a few used with HCS, without affecting the normal tissue response, 
although only acute skin effects were assessed [31]. There is scope for reconsider-
ing the issue of HCS within modern hypofractionated radiotherapy as long as nor-
mal tissues are not adversely sensitised. Further research is indicated.

5.4.5  �Normal Tissue Volume Effects

Volume effects are probably the most important radiobiological factor for normal 
tissues (both acute and late reacting) but are also the least well understood. Although 
there is much on-going development work in this area [33–38], none of the associ-
ated models are yet perfected and there are concerns about their validity amongst 
practical radiobiologists with experience of assessing tissue effects [39]. However, 
several commercially-available treatment planning systems make use of algorithms 
that estimate NTCP and which can be of use in the development of new treatment
techniques or in the assessment of especially difficult treatment situations. These 
estimated complication probabilities should not automatically be assumed to reflect 
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the absolute clinical risks which will ultimately be deduced from retrospective 
review of the subsequent clinical results, but they may be useful in terms of ranking 
treatment options or in eliminating extremely dangerous treatments.

5.4.6  �Tumour Volume Effects (and Volume Changes with Time)

An advantage of hypofractionated treatment is that the treatment geometry remains 
more predictable. Conventionally prolonged treatment courses can be accompanied 
by patient weight loss, changes in dose distribution and tumour shrinkage with 
shifts in normal tissue position relative to the radiation beams. Even in hypofrac-
tionated treatments the tumour can enlarge (due to oedema) after the first few frac-
tions and the treatment volume might need to be enlarged. Such effects are often 
overlooked but use of image guided systems and adaptive radiotherapy should 
detect such an effect, although usually the tumour volume is not routinely estimated 
during such procedures.

5.5  �Other Relevant Clinical Factors

5.5.1  �Co-Morbidity from Other Sources

Consideration of co-morbidity is a complex issue and may arise when radiotherapy 
is given in conjunction with other treatment modalities (e.g. chemotherapy or hyper-
thermia) or in cases where patients have received an earlier course of radiotherapy. 
Patient age, or previous surgery, may also be factors which can affect response to 
radiation. In the case of chemotherapy or hyperthermia it is possible to assign an
approximate BED-equivalent of such treatments and from which the maximum tol-
erable radiation dose which can be estimated [40–44], but the methodology involved, 
although better than making no allowance at all, remains speculative. For treatments 
involving high-fraction doses these uncertainties need to be viewed alongside the 
other confounding factors discussed in this Chapter.

5.5.2  �High-Let and RBE Issues for Hypofractionation

There is increasing World-wide use of charged particle beams using protons and 
heavier ions where the radiation quality, expressed in terms of the linear energy 
transfer (LET), is higher than that for conventional megavoltage x-rays [45–50]. 
The relative biological effect (RBE) between the two forms of radiation being com-
pared (usually standard megavoltage x-rays and a higher LET radiation) is the ratio 
of the doses required for the same bio-effect. For proton beams the RBE is of the
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order of 1.1 (i.e. such beams are, dose for dose, about 10 % more effective) but for 
more complex ion species (e.g. carbon ions) the RBE may be much higher and in
the range 3–5.

RBE effects may be incorporated within the BED concept [5, 6, 8, 51, 52] and 
the general expression for calculating the BED of an N fraction high-RBE
treatment is:
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where dH is the high-RBE dose per fraction and (α[alpha]/β[beta])L is the low-RBE
fractionation factor (i.e. as would be used in the earlier equations relating to conven-
tional photon treatments). RBEmax is the maximum RBE at very low fraction sizes
and RBEmin is the asymptotic minimum RBE which occurs at very high fraction
sizes. RBEmin is conventionally assumed to be unity, but there is gathering evidence 
that it may have a non-unity value for some ion species and Eq. 5.22 allows this to 
be taken into account. A further major advantage of using Eq. 5.17 is that there is no 
requirement to know the RBE value relating to the dose per fraction (dH) in question, 
since the inclusion of the (α[alpha]/β[beta])L parameter, in conjunction with RBEmax 
and RBEmin, inherently allows for the variation of RBE with fraction size. Finally, in
the case of high-RBE radiations such as carbon ions, the straightening-out of the
underlying dose-response curve is much less significant than for photons, meaning 
that BEDs calculated via Eq. 5.22 are likely to be reliable even for large fraction 
sizes. There may also be an advantage for extreme hypofractionation if RBEmin is 
significantly lower for late reacting normal tissues than in most tumours [52].

5.6  �Conclusions and Future Implications

Although the mechanisms governing radiotherapy response to conventional frac-
tionation are now well-understood, some doubt remains over the precise nature of 
radiation response characteristics when high dose fractions are involved. Indeed
there may even be a role for mitochondrial damage rather than nuclear effects at 
very high dose [53]. There may be deviation from the standard LQ predictions at 
higher doses, but it remains unclear whether radiation response becomes completely 
exponential (i.e. cell survival curves eventually becoming straight) or whether some 
reduced degree of downward curvature continues indefinitely. Whatever the exact 
nature of this deviation from the LQ predictions, the uncertainties will increase as 
fraction size is increased (especially for LRNTs) and this is a point to be borne in
mind when considering new schedules involving particularly large dose fractions. 
Past clinical experience may be a poor guide (again, especially for tissue tolerance) 
since the dose distributions associated with modern techniques are so different and 
will involve steep dose gradients and changed volume effects.
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In general, however, design of high-dose schedules using LQ methodology will
tend to over-estimate the biological effect associated with high-dose fractions and 
will therefore tend naturally to err on the safe side. Since the fractionation sensitiv-
ity of LRNTs at higher dose/fractions is much more marked than that of tumours,
the prudent approach always is to first use the LRNT parameters to design schedules
and then to consider the likely effect on tumour. Calculus-based methods also may 
be used may be used to optimise the dose per fraction. Here it is possible to take 
account of the degree of sparing of normal tissues and of tumour repopulation rates 
to estimate the optimal dose per fraction required in hypofractionated treatments [6, 
54, 55]. The equations suggest that increasing the dose per fraction when progres-
sively improved LRNT sparing is achieved will produce better results in terms of
the yield of tumour cell kill relative to a maintained LRNT isoeffect. Again, this
advantage will not apply to normal tissues inside the PTV.

For any type of radiotherapy, accurate recording of the details of treatment 
schedules is essential in order to allow the subsequent treatment outcomes to prop-
erly inform future practice. Such observation is especially relevant in the case of 
radiotherapy involving high dose fractions and it is recommended that records of the 
following should be kept: overall treatment time, number of fields used for each 
fraction and the fraction duration, precise details of the dose/time pattern received 
by the critical organ a risk (including those at any hotspots within the PTV) and 
DVHs for tumour and all critical normal structures. Such records are essential since, 
in the longer term, statistical analysis of large DVH atlases, compiled from indi-
vidual DVHs of previously treated patients, could be an excellent way of using 
prescription and DVH information, not merely to prospectively improve treatment 
design, but also to develop better normal tissue complication models [56–58]. 
Additionally, if the treatment has been designed using radiobiological consider-
ations then full details of the methodology should be recorded, along with all the 
assumed parameter values.

Since it is always the responsibility of clinicians to prescribe dose and fraction-
ation, they should maintain an interest in the radiobiological issues discussed in this 
Chapter. In particular, the need to assess the volume and likely tolerance of irradi-
ated normal tissue is essential since (as demonstrated above) the volume of normal 
tissue exposed to doses per fraction that exceed that of the prescription in especially 
important. Although dose volume histograms display the summated volume which 
receives a particular dose they cannot account for separate areas of high dose. 
Individual clinicians, according to their treatment site of interest, should therefore
carefully observe dose distributions in 3-D displays and note the volumes which
exceed certain dose limits. In some instances 1 cm3 volumes of high dose can be 
important. But it is even more relevant to search for special anatomical regions 
which may incur such a penalty; in the CNS for example, the spinal cord, brainstem
and the optic chiasm are obvious areas. It may also be useful undertake BED calcu-
lations over distinct areas of interest, such as bowel wall adjacent to a tumour.

Some clinicians, especially those unfamiliar with the BED approach, may prefer 
to have their potential treatments expressed in terms of equivalent doses in 2 Gy
fractions. This appears reasonable but must be tempered with the knowledge that 
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some known tolerance doses may be associated with treatments using 1.8 Gy frac-
tions and which are delivered in overall treatment times which are longer than usual. 
Extended treatment times can adversely influence tumour control and, in some 
instances, normal tissue repopulation and late side effects also.

Those performing radiobiological calculations must also be aware of the sensi-
tivity of the models described. If it is required to choose a dose to be given in (say)
1–4 fractions, what reference dose in (say) 2 Gy fractions should be used as the
basis for the iso-effectiveness calculations? If a rapidly repopulating tumour is
being treated then a 70 Gy schedule involves much wasted dose due to tumour
repopulation, to an extent that a 56 Gy dose given in a much shorter time might lead
to the same outcome. It should therefore be necessary to take account of time and
repopulation effects in the conventional (reference) schedule when assessing the 
equivalent SBRT dose [25].
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    Chapter 6   
 Planning and Dosimetry for Stereotactic Body 
Radiotherapy 

             Sonja     Dieterich     

    Abstract     Planning for SBRT is characterized by the need to create high dose gra-
dients from target to critical structures in the vicinity. Since SBRT is a relatively 
new fi eld, appropriate DVH constraints are still under development in clinical trials 
and single-center studies. 

 The effect of residual motion such as deformation, rotation and residual respira-
tory motion has to be considered to determine appropriate ITV and PTV margins. 
SBRT targets such as lung are located in areas of the body with large tissue inhomo-
geneities. Treatment algorithms must be capable of modeling these inhomogene-
ities appropriately to generate a dose calculation which is close to the delivered 
dose. Planner skill has traditionally played a large role in designing high quality 
treatment plans with optimum target coverage and tissue sparing. Data mining of 
existing plans and the use of plan libraries is being explored to aid the treatment 
planner in standardizing planning approaches to more consistently fi nd the optimum 
dose distribution. To ensure a close match between plan dose calculations and deliv-
ered dose calculations, the dosimetry of small fi elds must be well understood and 
modelled in the treatment planning system. The small fi elds and sharp dose gradi-
ents pose more stringent challenges for patient-specifi c SBRT QA.  

  Keywords     Stereotactic radiosurgery   •   Treatment planning   •   Stereotactic dose con-
straints   •   Tissue heterogeneity   •   Small fi eld dosimetry  

6.1         Introduction 

 Treatment planning for stereotactic radiosurgery is very diverse in that it can range 
from using the same planning techniques as conventional IMRT (Intensity 
Modulated Radiation Therapy) with the only difference being in the 
dose- fractionation scheme and the technical constraints of delivery, to 
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device-specifi c planning such as for a Gamma Knife treatment. As SBRT delivery 
devices, planning systems and clinical evidence have developed over the years, 
basic principles of SBRT planning emerged that span across technologies, with 
minor variations accounting for device-specifi c differences. This chapter focuses on 
the basic principles of SBRT planning, mentioning device-specifi c differences as 
appropriate. 

 Single-fraction stereotactic radiosurgery in the brain and spine will be referred to as 
SRS (Stereotactic Radiosurgery). Stereotactic radiosurgery in the body (except spine) 
delivered in 1–5 fractions, will be referred to as SBRT (Stereotactic Body Radiotherapy).  

6.2     Basic Principles of SBRT Planning: Homogeneous 
Vs. Heterogeneous Planning 

 One notable aspect of SBRT planning is the differing schools of thought on homo-
geneous plans vs. heterogeneous plans. Unlike many IMRT planning conventions, 
most SBRT planning techniques will normalize the maximum dose to 100 %, with 
the prescription isodose line between 50 and 85 % of the maximum dose. 

 In Gamma Knife planning, which is the oldest SRS planning technique, the pre-
scription isodose line is typically set to 50–60 % of maximum dose. The reason is 
that in a single-isocenter Gamma Knife plan, the steepest dose falloff is near the 
50 % isodose line, therefore affording the most OAR (Organ at Risk) sparing. For 
traditional linacs with fl attened beams, single-isocenter plans typically have their 
steepest dose falloff near the 80 % isodose line, whereas in multi-isocentric plans, 
the steepest falloff may be closer to 70 %. In CyberKnife planning, the tendency is 
to plan with dose homogeneity, that is, with a prescription line between 75 and 80 % 
of maximum dose following in the tradition of linac-based planning. The sequential 
optimization algorithm [ 1 ] and the IRIS collimator 2  have allowed for the creation of 
even more homogeneous plans with prescription isodose lines of 85–90 % of maxi-
mum dose. The CyberKnife treatment planning software also allows for single iso-
centric and multi isocentric treatment delivery. These features have been explored to 
create hypofractionated prostate plans which emulate HDR dose distributions, as 
well as to design SRS plans similar to Gamma Knife plans. 

 There are no published studies on the advantage of one planning technique over 
the other. One theoretical consideration would be the potential advantage of higher 
doses in the center of the tumor to offset the effects of hypoxia [ 2 ].  

6.3     General Concepts for SRS/SBRT Planning 

 SBRT plans are characterized by high dose to the target, small fi elds, and often 
signifi cant intensity modulation, which all result in a high MU-to-dose ratio. This, 
in turn, means that the entrance skin dose per beam can also be very high, 
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potentially leading to signifi cant toxicities [ 3 ]. Non-isocentric treatment techniques 
can lead to hot spots away from the axial plane of treatment, which requires special 
attention during the planning and plan evaluation phase. The high prescription dose 
also means that OAR sparing is essential. Two parameters are generally used to 
defi ne stereotactic OAR sparing. High CI (Conformality Index), i.e. close agree-
ment of the 3D prescription isodose line with the target shape, describes how well 
the planned dose conforms to the target. Mathematically, the inverse of the confor-
mity index described by Knoos et al. [ 4 ] is used to evaluate the plan conformality. 
In addition to plan conformality, critical structures in close proximity to the target 
will need to be spared to a greater extent than soft tissue such as fat and/or muscle. 
Therefore, any planning approach used for SBRT must be able to create steep dose 
gradients and concave dose distributions. Typically, dose gradients of Gy/cm around 
the PTV (Planning Target Volume) can be achieved, with gradients becoming as 
steep as Gy/mm for targets abutting OARs. In summary, we can defi ne the following 
criteria for SRS/SBRT planning as follows:

•    At least seven treatment fi eld angles, or rotational arcs should be used  
•   High conformality index  
•   Steep dose gradients on the order of Gy/cm around the PTV, approaching the Gy/

mm scale for OARs such as spinal cord     

6.4     Treatment Delivery Time 

 Frameless, image-guided delivery of SRS/SBRT treatments is rapidly becoming the 
standard of care. Even though the patient is still immobilized and set up with image 
guidance, there is always the risk for residual motion [ 5 – 8 ] unless real-time imaging 
techniques are employed. It is beyond the scope of this chapter to discuss motion 
compensation, but in summary, the risk of residual patient motion can be minimized 
by shortening the treatment time. As part of the planning process, the treatment time 
needs to be considered as one criterion for plan quality evaluation. 

 In cone-based SBRT on a linac, the two variables which control treatment time 
are the collimator size and the number of shots used. The collimator size largely 
depends on the size of the target. Complex targets will require a combination of 
large collimators to fi ll in the bulk of the tumor with dose, and smaller collimators 
to infuse the intricate, smaller aspects of the structure [ 9 ]. For SBRT in which IMRT 
based delivery techniques are used, minimizing the number of beams and the num-
ber of control points per beam will lead to faster delivery times. Sliding window 
techniques are also faster in delivering dose than step-and-shoot IMRT. 

 Respiratory motion compensation techniques also have an impact on delivery 
time. The treatment is delivered continuously when either compression or real-time 
tracking delivery techniques [ 10 ,  11 ] are used. Breath-hold does signifi cantly 
increase treatment time for IMRT-based SBRT; however, with fast VMAT (Volume 
Modulated Arc Therapy) deliveries, the increase in delivery time is less signifi cant. 
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Gating techniques can increase delivery time depending on the length of the gating 
window. Using a hybrid of breath-hold and gating, i.e. delivering a breath-hold 
treatment running the accelerator in gating mode, is the most effi cient way of mini-
mizing respiratory motion while optimizing the delivery speed. 

 The longer the delivery time, the more likely it is for a patient to move during 
treatment delivery. Residual motion errors for image-guided treatments also tend to 
increase, because patients tend to move more often if they are immobilized for a 
longer time [ 7 ]. This in turn increases the uncertainty of treatment delivery, which 
needs to be considered in the design of the PTV treatment margin. Treatment mar-
gins will be discussed in more detail in Sect.   5.4    .  

6.5     Dose Calculation Algorithms and Heterogeneities 

 In SRS treatments, much emphasis is placed on spatial treatment delivery accuracy. 
However, physicists need to be aware that inaccuracies in the dose calculation algo-
rithm can shift isodose lines on the same order of magnitude (>1 mm or more) than 
inaccuracies in treatment delivery. It is therefore essential, especially when deliver-
ing SBRT treatments in highly heterogeneous areas of the body such as lung, to use 
a dose calculation algorithm that has been verifi ed to be accurate in such an environ-
ment. Figure  6.1  shows an example of a T-spine SRS treatment. The left panel 
shows the dose calculation with a ray-tracing algorithm using a simplistic path- 
length correction. The right panel shows the same beam confi guration, but calcu-
lated with a Monte Carlo algorithm to a 2 % uncertainty at the maximum dose point. 
The prescription isodose line (green) in the anatomical, anterior right quadrant of 
the lesion is shifted by about 1 mm. These changes in isodose are much more sig-
nifi cant for lung lesions and are further pronounced with smaller tumors and greater 
density differences between the tumor and surrounding tissues.

  Fig. 6.1    Shift of 1 mm in prescription isodose line ( green ) in the anatomical, anterior right quad-
rant comparing ray-tracing plan ( left ) with Monte Carlo calculation ( right )       
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   The need for an algorithm that can accurately account for heterogeneities highly 
depends on the area of the body being treated. An additional factor to consider is the 
presence of inorganic materials from ancillary treatments. Examples are metal spine 
hardware or bone cement used to stabilize vertebral bodies.  

6.6     Lung 

 The greatest heterogeneities occur with lesions in the lung. In the early clinical trials 
for lung cancer, algorithms for heterogeneity corrections were in their infancy; 
therefore, clinical trials such as RTOG-0236 required all internal tissues to be 
treated as though they possessed the same density as water. As the quality of dose 
calculation algorithms improved, the RTOG created a hybrid approach in which the 
treatment plan was based on the original homogeneous planning philosophy, while 
the actual delivered plan, based on a dose inhomogeneity calculation, was tracked. 
Currently, the clinical treatment planning practice varies from the traditional, homo-
geneous planning approach to hybrid models to the exclusive use of heterogeneity 
dose calculation algorithms. 

 The contrast in doses between the homogeneous planning approach and hetero-
geneity calculations can be substantial in lung. Wilcox et al. [ 12 ] have demonstrated 
a 20 % difference in maximum tumor dose between a pathway density correction 
algorithm and photon Monte Carlo [ 13 ,  14 ]. Davidson et al. [ 15 ] evaluated fi ve 
treatment planning systems for the performance of their respective dose calculation 
algorithms in lung. The most widely used algorithm is the anisotropic analytic algo-
rithm [ 16 ] (AAA). Increased processor speeds and better phase-space reduction 
methods have made it feasible to use photon Monte Carlo dose calculation algo-
rithms clinically [ 13 ,  14 ]. A more recent development is the use of an algorithm 
belonging to the class of Linear Boltzman Equation Transport solvers. Early studies 
demonstrate accuracy comparable to AAA [ 17 ].  

6.7     Other Materials 

 Treatment planning systems are currently not able to accurately calculate dose in 
the vicinity of metal, especially for smaller metallic structures such as stents and 
dental fi llings. CT artifacts complicate the situation, although secondary reconstruc-
tion algorithms are being developed which, once implemented in the clinic, will 
signifi cantly reduce the metal artifacts in simulation CT scans. 

 Strategies to minimize the effects of metal artifacts include density overwrites of 
the planning CT volume including the metal object and the imaging artifacts caused 
by it. The HU number is commonly set to water. For small implants such as aneurysm 
clips, stents, or dental fi llings, a density overwrite is also recommended unless the 
planning system has been demonstrated to correctly compensate for the heterogeneity. 
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In the evaluation of the plan, potential changes to the actual delivered dose compared 
to the dose displayed by the treatment planning system should be estimated and dis-
cussed based on published literature. In rare situations, e.g. with dental fi llings, it is 
possible to evaluate the dose using in-vivo dosimeters and making adjustments to the 
treatment plan for subsequent SBRT fractions. 

 AVMs are most common in the brain, but can also occur, albeit rarely, in the 
spine. Commonly used therapeutic approaches are endovascular embolization with 
coils, glue or particles [ 18 ]. These treatments introduce high electron density mate-
rial into the AVM. If the patient is then treated with SBRT for a recurrence, the 
difference in densities has to be considered during treatment planning [ 19 ]. 

 Ethiodol, which is radiopaque poppy seed oil, is used as a contrast agent in TACE 
(Transarterial Chemoembolization) for liver tumors. As with embolization materi-
als for AVMs, the higher electron density of these materials need to be considered 
in treatment planning. 

 Metallic stents are commonly used in the esophagus, pancreas and liver. 
Experimental measurements of dose in the vicinity of esophageal stents [ 20 ] have 
shown patterns of hot and cold spots depending on the construction material of the 
stent. Dose in the vicinity of an platinum aneurysm clip used in the brain has shown 
to be elevated by 10–20 %, while no changes in dose could be measured for other 
metals [ 21 ].  

6.8     Plan Evaluation 

 Plans are evaluated based on whether the dose constraint goals are met. Some clini-
cal case presentations do not allow for satisfying all goals simultaneously; therefore 
compromises have to be made on an individual patient assessment. To account for 
this variability, the RTOG has defi ned the concept of “minor” and “major” protocol 
violations, which the author highly recommends to adopt into clinical treatment 
planning for SBRT. For example, a planning target goal may be to limit the confor-
mality index (CI) to < 1.2. A minor violation, which would still allow the patient to 
be included in the protocol, would be a conformality index 1.2 < CI < 1.4, while a CI 
>1.5 would prevent a patient from being included in the protocol or render the plan 
unacceptable. 

6.8.1     Skin Dose 

 Acute skin toxicity has been reported for early-stage NSCLC SBRT treatments [ 3 ]. 
The authors reported that “Distance from the tumor to the skin on the patient’s back 
<5 cm (p = 0.006), treatment with three beams (p = 0.0007), and a maximum back 
skin dose >50 % of prescribed dose on the planning scan (p = 0.02) were all 
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signifi cantly associated with those patients that developed Grade 2 or higher skin 
reaction.” It is also important to carefully assess dose in skin folds, especially pos-
terior skin folds which may not be as immediately obvious as anterior skin folds. 
For beams passing through the treatment couch and any setup devices, it is impor-
tant to verify these to be accurately modeled by the treatment planning systems. 
Several couch models have been shown to change the dose delivered by oblique 
posterior beams by up to 6 %. Carbon fi ber couches used in conjunction with elec-
tromagnetic tracking systems have been measured to be at the upper limit, or even 
exceeding, this level of dosimetric impact. The upcoming AAPM Task Group 176 
“Dosimetric Effect of Immobilization Devices” will summarize a clinical review of 
the dosimetric effect of setup devices, including recommendations for clinical 
dosimetry.  

6.8.2     Peripheral Dose 

 While the main focus of plan evaluation is naturally on the high-dose regions, the 
distribution of peripheral dose has signifi cant impact both on short-term as well as 
long-term complication rates. 

 Many delivery devices, such as Gamma Knife, CyberKnife and Tomotherapy, 
are limited to one beam energy. When planning highly modulated beams from 
many directions, and especially when using non-coplanar or non-isocentric plan-
ning techniques, the planner must pay close attention to dose delivered in the 
periphery of the targeted treatment area. These “hot spots” can be more pro-
nounced for obese patients, where the path-length from skin to target exceeds 
~15 cm. In planning systems which use a calculation grid to defi ne the body vol-
ume in which the dose is calculated and displayed for planning purposes, it is 
important for the planner to open up the calculation grid and evaluate the plan for 
peripheral hot spots. Effective ways to minimize the potential for peripheral hot 
spots include the use of a higher number of beams, limiting the number of MUs 
per beam direction, and using soft tissue constraints or phantom structures to con-
trol the peripheral dose. 

 Another consideration must be the peripheral dose distribution into peripheral 
OARs. With increasing cancer survival rates, considering low-dose regions to radi-
ation sensitive organs may affect secondary cancer rates in the decades to follow. 
One of many examples of increased secondary malignancy caused by low periph-
eral doses to an OAR was published by Kleinerman et al. [ 22 ]. There are four 
sources for this dose: (1) Low-dose regions of the treatment plan itself, (2) Imaging 
dose, (3) Leakage, and (4) internal scatter. Leakage and internal scatter are 
 machine- dependent. Imaging dose management is part of simulation and treatment 
delivery design. During the planning process, low-dose regions is the only periph-
eral dose parameter which can be infl uences by the planner under physician 
guidance.   
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6.9     Plan Standardization and Evaluation 

 The goal of designing optimum tumor coverage with the best organ sparing is a 
multi-criteria optimization problem. Until very recently, treatment planning systems 
(TPS) relied on a combination of planner skill and hardcoded optimization algo-
rithm to try and fi nd the best possible solution for each patient. Plan evaluation relied 
on physician and planner experience of what might be possible clinically; there was 
no scientifi c method to assess plan quality. More recently, improvements in infor-
matics, specifi cally class-based database analysis and automation, have opened the 
door toward more quantitative plan quality analysis methods. In turn, these methods 
can be used as a tool to aid treatment planners in the analysis of plan quality and 
increase planning effi ciency. For example, Moore et al. [ 23 ,  24 ] developed an experi-
mental fi t on the achievable lower limit for mean OAR dose based on OAR/PTV 
overlap. By making the lower OAR dose limit prediction available to planners, suc-
cessive treatment plans showed lower variability and smaller deviation from the pre-
dicted minimum possible OAR dose without compromising PTV coverage. 

 Interactive multi-criteria IMRT planning [ 25 ], made possible by increased computing 
power and faster optimization algorithms, integrates plan optimization even earlier in the 
treatment planning process. Instead of calculating one or a few plans which are then 
selected and optimized, the treatment planning system will create a “plan bundle” based 
on the planner selected parameter space, i.e. lower and upper limits of dose constraints 
for all OARs. From amongst this plan bundle, the planner can then further restrict the 
Pareto surface by restricting multiple criteria through a user interface. Real-time update 
of the dose distribution provides the planner with an effi cient method to assess and 
modulate DVH parameter restrictions for all structures involved in the treatment plan. 

 Another method for treatment planning standardization pulls treatment planning 
parameters such as beam angle, energy, DVH limits etc. from the existing library of 
clinically accepted plans to automatically create input parameters for a new treatment 
plan. This method allow the treatment planner to more effi ciently set up the baseline 
treatment parameters from which to further optimize the treatment plan quality. 

 While these plan standardization and evaluation methods are in the early stages 
of clinical implementation, current treatment planning software development is rap-
idly moving towards integrating these tools into standard clinical practice. 
Minimizing the variability of treatment plans for the same treatment target is 
expected to lead to better treatment quality for patients by minimizing the infl uence 
of human factors on plan quality variance.  

6.10     Tumor Dose and OAR Constraints 

 SBRT is a relatively new treatment concept, which means dose-fractionation 
schemes are still evolving. Biological effects studies are slowly becoming available 
as clinical trial results provide more information about complication rates. RTOG 
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study protocols, AAPM TG-101 [ 26 ], QUANTEC [ 27 – 30 ] and an increasing num-
ber of peer-reviewed papers are available as clinical guidance to develop dose- 
fractionation schemes for SRS and SBRT. 

 In general, dose fractionation schemes for SBRT are adapted based on the position of 
the tumor relative to OARs. For targets which are isolated deep within a larger organ far 
away from other OARs, e.g. deep-seated liver lesions or peripheral lung lesions, maxi-
mizing the dose gradient to the healthy tissue of the affected organ becomes the planning 
priority. For targets abutting OARs, e.g. medial lung lesions or most pancreatic tumors, 
the OAR becomes the dose-limiting constraint in the treatment planning process. 

6.10.1     Brain 

 Dose prescriptions schemes for brain tumors are based on several decades of experi-
ence with the Gamma Knife. Dose prescriptions are based on published complica-
tion rates based on lesion diameter [ 31 ]. The largest lesion diameter considered for 
SRS is typically 3 cm. 

 The development of frameless SRS has enabled physicians to develop fraction-
ated treatment courses to alleviate the risk of necrosis associated with high doses in 
the brain. A special consideration to make when planning SRS to the brain is the 
fact that many cases are metastatic and therefore have a high probability of return-
ing for further treatment, either to the same lesion or to new lesions. It is therefore 
advantageous to plan each case with consideration of dose to critical structures such 
as the lenses of the eyes, the optic chiasm and the brain stem regardless of their 
proximity, as well as to “normal” brain tissue.  

6.10.2     Spine 

 The utilization of SRS for spine has increased with the implementation of frame-
less, image-guided SRS techniques [ 32 ]. The predominant fractionation scheme is 
still a single fraction of 10–18 Gy [ 33 – 36 ] although radiobiological considerations 
of cord tolerance for tumors in close proximity to the spinal cord or invading into 
the epidural space have led to fractionated treatments of 10 Gy × 3 or 80 Gy × 3. The 
tumor contour is typically standardized to include the complete vertebral body and 
the peduncles. The most signifi cant OAR is of course the spinal cord. Contouring, 
and in consequence DVH constraints, vary between contouring the spinal canal 
(thecal sac) or the visible cord. Several authors have published retrospective studies 
on spinal cord tolerance [ 33 ,  37 – 39 ]; Choi et al. [ 40 ] published a study on cord 
tolerance for SRS in recurrent spinal malignancies. 

 The Canadian Association of Radiation Oncology (CARO) Stereotactic Body 
Radiotherapy task force has published guidance recommendations [ 41 ] for spine 
SRS which are listed in Table  6.1 .
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6.10.3        Lung 

 The most widely used dose-fractionation scheme of 60 Gy in 3 fractions is based on 
the RTOG-0236 and RTOG-0618 protocols. These protocols used dose calculation 
algorithms based on homogeneous tissue models and have been shown to overesti-
mate the dose by approximately 10 % [ 42 ]. As a result of these studies, some physi-
cians have advocated using 54 Gy × 3 if inhomogeneity-correcting dose calculation 
algorithms are used. Other publications have studied outcomes as a function of 
tumor size, concluding a volume-adaptive dosing for lung SBRT could improve 
local control [ 43 ]. Table  6.2  summarizes selected society and clinical trial recom-
mendations for lung SBRT dose-fractionation.

   Pneumonitis is the predominant reported toxicity for lung treatments. 
Because lung cancer patients are often elderly and have limited lung function, 
a V20 dose limit of 20 Gy is often used as a hard OAR constraint. Research 
efforts are underway to distinguish high-functioning from low-functioning lung 
regions with the goal to steer the OAR dose towards the low-functioning lung 
regions [ 44 ]. 

 An added consideration is the dose delivered to the chest wall. Woody et al. 
[ 45 ] developed a predictive model for different dose-fractionation schemes based 
on a retrospective data analysis of 102 SBRT patients using a modifi ed EUD 
model.  

  Table 6.1    CARO 
recommendations for SRS  

 Previously irradiated spine mets  35 Gy/5 Fx 
 Spine mets with no prior radiation  30 Gy/4 fx 
 Post-op patients (±prior radiation)  24–26 Gy/3 Fx 
 Selected primary spine tumors  24–26 Gy/2 Fx 
 No more than three consecutive vertebrae  16–24 Gy/1 Fx 

   Table 6.2    Dose-fractionation recommendation from selected society recommendations and 
clinical trials   

 Target  Source  Dose Rx 

 Lung  Medically inoperable T1/T2 
N0M0 non-small cell 

 CARO  60 Gy/8 Fx 

 Lung mets  50 Gy/5 Fx 
 Tumors <5 cm  48 Gy/4 Fx 

 54–60 Gy/3 Fx 
 34 Gy/1 Fx 

 Inoperable stage I/II NSCLC, 
peripheral lesions 

 RTOG-0236 (phase II)  60 Gy/3 Fx over 
1.5–2 weeks  RTOG-0618 (phase II) 

 Inoperable stage I/II NSCLC, 
peripheral lesions 

 RTOG-0915 (phase II)  34 Gy/1 FX 
 Or 
 48 Gy/4 Fx (consecutive 
days) 
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6.10.4     Pancreas 

 SBRT for Pancreas is warranted for resections, locally advanced cases, local recurrences 
and Oligometastatic Pancreas Cancers. The doses are designed by applying a tolerance-
based approach, meaning that the proximity of the lesion within the Pancreases to criti-
cal structures, i.e., the stomach and duodenum, governs the total dose (Fig.  6.2 ) [ 46 ].

   The liver, kidneys, spinal cord and bowel are among the other dose constraints to 
consider when planning SBRT to the pancreas.  

6.10.5     Liver 

 SBRT for liver cancer is one of many possible therapeutic options to treat liver 
malignancies. Therefore, it is not utilized as often as e.g. SBRT for lung lesions. 
Early dose escalation studies [ 47 – 49 ] confi rmed the safety of liver SBRT as non- 
surgical treatment option. Table  6.3  lists a selection of current society recommenda-
tions and clinical trials related to liver SBRT.

6.10.6        Prostate 

 Prostate SBRT is the most recent development in SBRT targets. The biological charac-
teristics of early-stage prostate cancer require long-term follow-up studies to provide 
data on local control, late effects, and biochemically disease-free intervals. Because 

  Fig. 6.2    The stomach and duodenum are the contiguous dose-limiting structures and the location of 
the lesion within the Pancreas dictates which dose scheme to assign (From Mahadevan et al. [ 46 ])       
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prostate SBRT trails at this point have only relatively short clinical follow- up, it is highly 
recommended limit the clinical use of this technique on a clinical trial basis. Until 
results are published, caution is advised in applying dose constraints for prostate SBRT. 

 There are currently two trials on hypo-fractionated prostate treatments. The major 
difference between them is that one aims for dose distributions with  heterogeneities 
modeling prostate brachytherapy [ 50 ], while the other chooses a homogeneous dose 
approach [ 51 ]. The latter published their early prospective Phase II study results [ 52 ] 
which includes the treatment planning constraints found in Table  6.4 .

6.11         Planning in the Presence of Respiratory Motion 
and Deformation 

 Three common sites treated with SBRT are lung, liver and pancreas. In all three 
cases, respiratory motion can be signifi cant. Larger tumors in the lung and liver also 
undergo deformation throughout the respiratory cycle. Accounting for respiratory 
motion and deformation in treatment planning strongly depends on the availability 
of 4D imaging studies, the respiratory motion compensation method chosen for 
treatment delivery, and individual patient considerations. 

6.11.1     Imaging and Image Fusion for Planning 

 4D CT in planning is most commonly used to determine a gating window, and cre-
ate an ITV (Internal Target Volume) based on the width of the gating window cho-
sen for a particular patient. If compression is used to manage respiratory motion, the 

   Table 6.3    Selected dose/fractionation recommendations for liver based on clinical trials and 
society recommendations   

 Hepatocellular CA <8 cm  CARO  42–60 Gy/5 Fx 
 Liver mets <6 cm and/or ≤5 
lesions 

 50 Gy/5 Fx 

 48 Gy/5 fx 
 45 Gy/3 Fx 

 Hepatocellular CA  RTOG-1112 (phase III)  27.5–50 Gy/5 Fx, 24–72 h between Fx 

  Table 6.4    Typical dose 
fractionation and dose 
constraints for early stage 
low risk prostate cancer  

 Prostate  7.25 Gy × 5, 3 × per week 
 95 % coverage 
 5 mm margin (3 mm posterior) 
 10 % dose heterogeneity 

 Rectum  V50 < 50 % 
 V20 < 80 % 
 V10 < 90 % 
 V5 < 100 % 
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4D CT can be used to generate a MIP image which determines the residual motion 
to be covered by the ITV. 

 If the treatment delivery system is capable of tumor and/or fi ducial tracking 
instead of compression, breath-hold or gating, there are several additional issues to 
assess in the planning phase: deformation, rotation, and the relative position of the 
tumor to the OARs. Deformation and rotation margins can be determined by fusing 
the tumor center of mass in different respiratory phases and determining the 
ITV. The relative position of tumor to critical organs is much more diffi cult to assess 
with current technology. Deformable image registration algorithms have very lim-
ited suitability for this task, because relative voxel motion is not based on anatomi-
cally correct modeling of tissue motion.  

6.11.2     Relative Motion of Tumor to OAR 

 Relative motion of tumor and OAR is a concern for pancreas and liver targets 
because of the proximity to critical structures such as the stomach, esophagus and 
duodenum. Prostate motion is driven by bladder fi lling and bowel gas. While the 
bladder fi lling may cause a baseline shift, fast delivery techniques have lessened 
these concerns. Bowel gas, on the other hand, causes a transient shift of organs rela-
tive to each other and should be considered during treatment planning. Relative 
motion of tumor to OARs caused by periodic motion such as respiratory motion 
may, in the future, be modeled by a combination of 4D imaging and deformable 
image registration. 4D planning could be a tool to optimize the treatment plan 
toward robustness in the presence of respiratory motions. It must be emphasized 
that at this time, research on this topic is not ready for clinical implementation. On 
the contrary, data has shown [ 53 ,  54 ] that 4DCT motion patterns determined at 
simulation may deviate signifi cantly from 4D motion patterns observed during 
treatment.  

6.11.3     Margin Determination 

 ICRU Report 62 defi nes an ITV and IM (Internal Margin) to account for physio-
logic variations in the position and shape of the CTV (Clinical Tumor Volume.) The 
SM (Setup Margin) is added to account for uncertainties in patient positioning. 

 An concept that is very helpful for SBRT planning, especially when steep 
dose gradients near OARs are present, is the PRV (Planning Organ at Risk) vol-
ume. The PRV is designed based on how much the organ at risk may move rela-
tive to the setup and systematic uncertainties at isocenter. Figure  6.3  shows an 
example of a head & neck treatment plan in which a PRV (yellow) is added to 
the spinal cord (dark blue) contour. The isocenter for this large treatment area, 
which includes three PTVs, is more than 10 cm away from the cord at this 
location.

6 Planning and Dosimetry for Stereotactic Body Radiotherapy



100

   ICRU report 83 updated ICRU report 62 on how to create nomenclature for adap-
tive treatment planning. Instead of including physiological changes in tumor shape 
or contouring uncertainties in the ITV, the recommendation is to account for those 
in the PTV. For clarity, the use of an ITV is optional, being most useful to defi ne 
positional changes due to internal motion such as respiration. The report empha-
sizes that the PTV margin  should not be compromised  when overlapping with, or 
being close to, an OAR. 

 Margin determination is dependent on the clinical process specifi c to an individual 
clinic. This includes the types of image guidance and setup devices employed, and the 
technical skill of the staff. Ideally, each clinic should carefully analyze their uncertain-
ties to defi ne appropriate margins. The assumption in the development of margin reci-
pes is that the data distribution is Gaussian, and uncertainties will accumulate over a 
large number of fractions. This assumption does not hold for the hypo-fractionated regi-
mens used in SBRT. Until margins specifi c to for SBRT are studied, the implicit assump-
tion is that high-level image guidance will offset the potential failure for uncertainties. 
Herschtal et al. [ 55 ] published a Monte Carlo study simulating patient motion during 
SBRT based on sets of systematic and random uncertainties, using existing margin reci-
pes as boundary conditions. The paper demonstrates that larger PTV margins are needed 
for hypofractionation vs. regular fractionation given the same uncertainties.   

  Fig. 6.3    Cord PRV ( yellow ) 
around the spinal cord ( dark 
blue ) to account for setup 
variations       

 

S. Dieterich



101

6.12     Dosimetry 

 Stereotactic Radiosurgery is characterized by the use of very small fi elds and a high 
number of monitor units. Detectors that are appropriate for dosimetry in larger 
fi elds are generally not appropriate for performing dosimetry under stereotactic 
conditions. Therefore, familiarity with the appropriate use of small detectors, small- 
fi eld measurement techniques and reference dosimetry protocols are all essential to 
ensure safe treatments. The accuracy of dose calculation algorithms in the presence 
of inhomogeneities for SBRT is becoming equally important as the spatial dose 
delivery accuracy. For accelerator-based SRS/SBRT, dose from scatter and leakage 
as well as imaging needs to be taken into consideration. 

6.12.1     Reference and Relative Dosimetry 

 The reference dosimetry method of choice depends on the method of treatment 
delivery. Alfonso et al. [ 56 ] have developed a framework for reference dosimetry 
depending on the availability of a 10 × 10 cm reference fi eld, or a machine specifi c 
reference fi eld. 

 If a 10 × 10 cm reference fi eld is available, i.e. for all linac-based SRS treatments, 
AAPM TG-51 [ 57 ] or IAEA Report TRS- 398 [ 58 ] should be used for reference 
dosimetry. For CyberKnife and Tomotherapy, AAPM TG-135 [ 59 ] and AAPM 
TG-148 [ 60 ] provide guidance on the currently accepted methods using the machine- 
specifi c reference fi eld method for either device. More recently, data on k Q  detector 
correction factors for non-standard beams are becoming available. E.g. for 
Tomotherapy, Gago-Arias et al. [ 61 ] have calculated a 2 % correction for the A1SL 
chamber, which agrees with an observed 2 % systematic deviation of absolute dose 
in beam data measurements taken by the IROC QA Center Houston. 

 It cannot be over-emphasized that the reference dosimetry must be verifi ed by an 
independent means of measurement  before  any patient is treated on the machine. 
The optimum solution is to use an external calibration program, e.g. the IAEA TLD 
program or, in the United States, the services provided by the ADCL laboratories. 
A peer-review process in which an outside qualifi ed medical physicist verifi es the 
reference dosimetry is acceptable in situations where independent dosimetry labs 
are not available. 

 For relative dosimetry, the output factor measurements for small fi elds need to be 
corrected based on the detector used. Ideally, two independent, peer-reviewed pub-
lications would be available for each detector/beam combination to determine an 
average correction factor. In the absence of two independent calculation, the recom-
mended approach is to measure output factors with two different detectors using 
their respective correction factors, and average the result. 

 Beams used for SRS/SBRT treatments are small, and therefore dominated by the 
penumbra region. An accurate measurement of the beam penumbra is therefore 
necessary to correctly model the dose gradient from tumor to OAR. If a detector 
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with dimensions too large relative to the penumbra is used, the volume-averaging 
effect would lead to a fl attening of the penumbra [ 62 ]. Therefore, the recommended 
maximum beam diameter to detector size ratio is 3:1.  

6.12.2     Scatter, Leakage and Imaging Dose 

 Scatter, leakage and imaging dose are highly device-specifi c [ 63 ] and usually not 
accounted for in the treatment planning process. While not the highest priority, a 
good planner will use techniques to minimize additional whole-body dose to the 
patient, following the ALARA approach to radiation safety. Scatter and leakage 
dose are dependent on the ratio of MU to delivered dose. A skilled planner will be 
able to limit the number of MU used to achieve the planning constraints without 
affecting plan quality. Selected treatment planning software has built-in tools to 
optimize (minimize) the MU after initial planning optimization. 

 Several modern delivery systems are capable of intra-fraction imaging while 
other techniques allow treatment interruption and re-imaging if the patient has 
moved signifi cantly from the original setup position. Imaging dose from either tech-
nique can be minimized by keeping treatment times as short as possible [ 5 ,  7 ,  8 ,  26 ], 
and adjusting imaging techniques to lower dose. Non-ionizing imaging techniques 
have been implemented for cranial SRS and demonstrated to be safe [ 64 ,  65 ].  

6.12.3     Patient-Specifi c Dosimetry Measurements 

 The challenges of reference dosimetry, beam data commissioning, accurate dose 
calculation and complex technologies make it essential to develop a quality assur-
ance program for patient-specifi c delivery QA (DQA). Whenever a new technology 
or a new procedure is implemented into clinical use, DQA measurements should be 
performed to verify the accuracy and quality of the treatment process using an end-
to- end QA method [ 66 ]. 

 Considering the high dose gradients present in SRS/SBRT, it is not advised to 
simply apply DQA methods used in IMRT. For example, Fig.  6.4  shows a typical 
SRS plan for a previously irradiated spine lesion in which the PTV is treated to 
16 Gy while the cord is limited to 12 Gy. In this particular case, a dose gradient of 
1 Gy/mm is achieved between the PTV and cord. If typical IMRT QA criteria of 
3 %/3 mm for Gamma, or 3 mm criteria for distance to agreement (DTA) were to be 
used, a shift of the dose distribution of 2.9 mm in the posterior direction would pass 
QA. This shift would then deliver 15 Gy to the cord, signifi cantly increasing the risk 
of serious complications for the patient. Therefore, any patient-specifi c QA mea-
surement method used to measure delivery accuracy for this plan will need to be 
much more accurate than 3 mm DTA or 3 %/3 mm Gamma; ideally, the  measurement 
method should be able to measure DTA to better than 1.5 mm.
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   Meaningful patient-specifi c QA measurements get even more challenging for 
treatment plans used in functional diseases such as trigeminal neuralgia. Figure  6.5  
shows a treatment plan used in trigeminal neuralgia with a dose gradient of 16 Gy/
mm from the nerve root toward the brainstem. The accuracy required to do appro-
priate DQA for these plans meets or exceeds the current technical capabilities of 
high spatial resolution DQA methods such as fi lm or gels. Therefore, very stringent 
technical machine and planning system QA must be integrated with the currently 
most accurate available DQA method to ensure patient safety.

6.13         Summary 

 At fi rst impression, treatment planning for SBRT might not seem to be signifi cantly 
different than treatment planning for conventionally fractionated treatments; how-
ever, the combination of high dose per fraction and steep dose gradients require high 
performance standards for dosimetry, planning system accuracy and plan robust-
ness. The high impact of planning errors which might pass quality control 

  Fig. 6.4    Dose gradient for a typical spine SRS plan. (CyberKnife G4 treatment unit and MultiPlan 
3.5 planning system)       
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undetected necessitates achieving the highest possible standard in error prevention. 
The treatment planner should therefore be able to identify potential errors, devia-
tions from standard or high-risk situations quickly. SBRT is a relatively new treat-
ment modality for which dose/fractionation schemes and OAR dose limits are still 
evolving. Treatment planning systems are also still evolving toward implementing 
tools for standardization of workfl ow and implementation of class solutions. As 
technological standards evolve, the treatment planning team must participate in 
continuing education to achieve the optimum plan quality for patients.     
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    Chapter 7   
 Spinal Radiosurgery 

             Iris     C.     Gibbs      ,     Banu     Atalar     , and     Lei     Wang    

    Abstract     Spinal radiosurgery has proven to be not only technically feasible, but 
effi cacious for local control and pain relief of spinal metastases and benign spinal 
lesions. Due to the proximity of the target tumors in relation to the spinal cord and 
the high stakes associated with radiation injury of the spinal cord, spinal radiosur-
gery requires even more accuracy than other applications of stereotactic body radia-
tion. Exquisite care must be taken to ensure appropriate target delineation and 
avoidance of normal tissue damage. Fortunately, guidelines for normal tissue con-
straints have been useful to keep the risk of myelopathy low. Recent studies have 
also explored predictive factors for the complication of vertebral compression 
fracture.  

  Keywords     Spinal radiosurgery   •   Spinal metastasis   •   Vertebral metastasis   •   Spinal 
meningioma   •   Spinal schwannoma   •   Spinal arteriovenous malformations   •   Vertebral 
compression fracture   •   Myelopathy   •   Spinal cord injury  

7.1         Introduction 

 In 1995, Hamilton and Lulu at the University of Arizona published the fi rst studies 
of spinal radiosurgery. Using a rigid skeletal fi xation device applied intraopera-
tively, conformal radiation treatment was delivered stereotactically on a linear 
accelerator after the patient was transported to the radiotherapy department under 
anesthesia [ 1 ]. Though this technique proved to be impractical and was ultimately 
supplanted by other minimally invasive approaches for routine stereotactic radia-
tion, it established the foundations for spinal radiosurgery. In 1996 at Stanford 
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University, the fi rst spinal lesion was treated using a robotic image-guided radiosur-
gery system prototype of what later became commercialized as the Cyberknife 
(Accuray, Inc., Sunnyvale, CA) radiosurgical system [ 2 ]. Since that time, the feasi-
bility, safety, and effi cacy of radiosurgery (also referred to as stereotactic body 
radiotherapy or SBRT) for spinal lesions using a variety of modifi ed LINAC sys-
tems has been established [ 3 – 8 ] while the most common indication for spinal radio-
surgery is spinal metastases, other spinal conditions including benign extramedullary 
tumors, paraspinal tumors, spinal arteriovenous malformations, and intramedullary 
tumors have been successfully treated with stereotactic techniques. Over nearly the 
past two decades, investigators have worked to establish improved understanding of 
the tolerance of the human spinal cord to the relatively large doses per fraction used 
for stereotactic radiosurgery.  

7.2     Case Histories 

7.2.1     Case 1 

 An 81-year-old man with painful spinal metastases at T6 and T7 of metastatic mela-
noma with known pulmonary, bony, and brain metastases at diagnosis. Both the T6 
and T7 lesions were treated with radiosurgery to 20 Gy in 1 fraction to the 75 % 
isodose line; target volumes were 3.043 and 3.091 cubic cm, respectively. As the 
lesions were in adjacent levels, and involved a portion of the vertebral body without 
extending into the pedicle or paraspinal soft tissues, the lesion only was treated. 
Alternatively, the entire vertebral body or the lesion plus the ipsilateral pedicle with 
margin up to 2–3 mm would be acceptable. During the treatment planning process, 
critical structures including the esophagus and spinal cord were identifi ed and con-
toured. Both organs were satisfactorily protected with dose constraints well within 
current guidelines; the maximum esophageal dose was 10 Gy and the maximum 
spinal cord dose 12.2 Gy. As the target lesion involves the thoracic spine where 
there are interfaces between air in the lung, soft tissue, and bone, dose calculation 
using a more sophisticated algorithm such as convolution/superposition or Monte 
Carlo should be considered. In this particular, case, however, there was not a signifi -
cant dosimetric effect (Fig.  7.1 ).

7.2.2        Case 2 

 A 50-year-old man with metastatic malignant peripheral nerve sheath tumor who 
developed two separate areas of vertebral column tumor spread; T5–6 and T12. 
Multi-modality treatment was employed in this case. As the patient presented with 
symptomatic spinal cord compression resulting from the T5–6 lesion, he underwent 
laminectomy and resection at this site with spinal instrumentation. The unresected 
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a b

c

e

d

  Fig. 7.1    A 81 year old man with painful spine metastases at T6 and T7 of metastatic melanoma as 
demonstrated on sagittal MRI ( a ) and sagittal CT treatment plan ( b ). Axial treatment plan for T6 ( c ) 
outlined in  red  with each target treated to 20 Gy in 1 fraction the 75 % isodose line (ISL) shown in  green  
with 50 % ISL in cyan and 25 % ISL in  blue . Target volumes: 3.043 and 3.091 cm 3 . Maximum spinal 
cord dose 12.2 Gy. Maximum esophagus dose 10 Gy. Axial PET/CT images for each lesion ( d ,  e )       
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tumor involving the right T12 pedicle was treated by radiosurgery to 20 Gy in a 
single fraction to the 75 % isodose line with 90.66 % coverage of target volume. The 
spinal cord maximum dose was 11.10 Gy. A follow up PET/CT at 4 months demon-
strated no hypermetabolic uptake at either site. This case illustrates general princi-
ple that surgery remains the standard management option for patients presenting 
with progressive, symptomatic spinal cord compression (Fig.  7.2 ).

a b

c d

  Fig. 7.2    A 50-year old man with right T12 spinal metastasis of malignant peripheral nerve sheath 
tumor who had previously undergone laminectomy and resection of T5-T6 tumor due to spinal 
cord compression. Panel  a  (Axial),  b  (sagittal). The unresected tumor involving the right T12 
pedicle (contoured in orange; note the contralateral kidney also contoured in  orange ) was treated 
to 20 Gy in a single fraction to the 75 % isodose line (ISL). Prescription dose illustrated by the 
 green line  with the 50 % ISL (cyan) and 25 % ISL ( medium blue ) 90.66 % coverage of target vol-
ume. The spinal cord maximum dose was 11.10 Gy. Panel  c -Pretreatment PETCT scan demon-
strating FDG-avidity at the right T12 pedicle. Panel  d : Follow-up PETCT at 4 months: T12 lesion 
demonstrates near complete resolution of the hypermetabolic activity       
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7.3         Literature Review 

 As evidenced by the dramatic increase in publications on the topic in the past 5 
years, review of the literature shows that spinal radiosurgery is increasingly being 
utilized. Most reports are single institutions studies of <100 patients with a hetero-
geneous mix of patients with spinal and paraspinal lesions of various primary his-
tologies. Despite these limitations, these studies collectively have demonstrated the 
effectiveness of spinal radiosurgery with most series reporting nearly 85 % or higher 
local control and pain improvement [ 4 ,  5 ,  9 – 14 ]. Table  7.1  [ 4 ,  5 ,  9 – 15 ] summarizes 
the results of selected series containing >25 patients. In the largest single study of 
patients with spinal metastases treated by radiosurgery, investigators at the 
University of Pittsburgh reported long term overall pain improvement in 86 % of the 
336 patients with pain as a presenting symptom at up to 53 months follow-up [ 9 ]. 
Although most series have not rigorously used quality of life assessments, a few 
have attempted to quantify the effectiveness of spinal radiosurgery on quality of life 
[ 4 ,  15 ,  16 ]. For example, in a report by Gagnon et al. who prospectively evaluated 
pain control and quality of life in 200 patients with benign or malignant tumors 
treated by Cyberknife spinal radiosurgery, there was statistically signifi cant 
improved pain levels which was durable over 48 months of follow-up [ 15 ]. Using 
the SF-12 validated instrument to evaluate QoL, they also found statistically signifi -
cant improvements particularly in the mental component of the measurements. 
Sheehan et al., evaluated the outcomes of 40 previously un-irradiated patients 
treated by spinal radiosurgery using a helical tomotherapy technique [ 16 ]. There 
was signifi cant improvement of pain relief as assessed by a 10-point visual analog 
scale (VAS) with a mean score of 3.2 post-treatment compared to a mean pre- 
treatment level of 6.2. Additionally, function as assessed by Oswestry Disability 
Index was also improved with the mean pre-treatment score of 43 decreasing to 25 
following radiosurgical intervention.

   In general, epidural spinal cord compression is considered a relative contraindi-
cation to spinal radiosurgery. However, investigators at Henry Ford Health System 
reported a study of 62 patients with 85 metastatic spinal lesions causing epidural 
spinal cord compression treated with spinal radiosurgery [ 17 ]. With 80 % overall 
response in the epidural tumor (27 % complete response), signifi cant improvement 
of the thecal sac patency (from 55 to 76 %), and only 16 % exhibiting neurological 
progression following treatment, the authors conclude that radiosurgery may be a 
viable option. 

 Based on the effectiveness of radiosurgery for benign intracranial tumors such as 
nerve sheath tumors and meningiomas, spinal radiosurgery has been evaluated in 
similar tumors occurring in the spine [ 18 – 21 ]. The two largest series of radiosurgery 
for benign intradural spinal tumors were reported by Sachdev et al. of Stanford and 
Gerszten et al. [ 20 ] of University of Pittsburgh. Using a single fraction regimen, 
Gertszten et al. [ 20 ] treated 73 lesions (13 meningiomas, 35 schwannomas, 25 neu-
rofi bromas) to a mean dose of 17.3 Gy to the 80 % isodose line. At median follow-
 up of 37 months, they reported 100 % radiographic control rate and 73 % of patients 
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had pain improvement. The investigators at Stanford used both single fraction and 
multi-fraction schedules to treat 103 tumors (32 meningiomas, 47 schwannomas, 24 
neurofi bromas) with mean dose of 19.4 Gy over an average of 2 fractions. In this 
series, at mean follow-up of 33 months there was radiographic control in all but 1 
tumor, with 40 % of tumors demonstrating decrease in size while the remaining 
59 % were stable. Reporting the results of patients whose pain was improved or 
stable, the best clinical results were observed in patients with meningiomas (100 %) 
or schwannomas (89 %) while poorer symptomatic outcomes (67 %) were seen with 
neurofi bromas. Radiation myelopathy as a result of treatment developed in a single 
patient in the Stanford series and 3 patients in the Pittsburgh series.  

7.4     Treatment Techniques 

 Stereotactic body RT has emerged as a new treatment option and is increasingly 
being applied to treat spinal disease with high biologic equivalent dose (BED) and 
a steep dose gradient. Stereotactic radiosurgery of spinal lesions requires exquisite 
body immobilization, sophisticated contouring, complex treatment planning, and 
near-real-time image-guidance to ensure accurate dose delivery due to the proxim-
ity of the spinal cord. Since even modest positioning errors can result in signifi -
cantly higher dose to the spinal cord [ 22 ], stereotactic radiosurgery of spinal lesions 
is preferably delivered using systems that allow for intra-fractional target imaging 
and repositioning during treatment. The CyberKnife (CK) (Accuray, Inc., 
Sunnyvale), Novalis (Brainlab, Ammerthalstrabe, Germany), and other LINAC- 
based systems using cone-beam CT are the current SRS systems equipped with in- 
room real time imaging and capable of adjustments during the delivery of treatment. 
The CK uses intrafractional stereoscopic X-ray imaging, every 30–60 s, and auto-
matically adjusts positional errors with an accuracy of <0.5 mm whereas Novalis 
has intrafractional positioning adjustments based on the infrared markers placed on 
the patient’s surface with an accuracy of 1.36 + 0.11 mm [ 23 ]. Although tomother-
apy (Accuray, Inc., Madison, WI, USA) is a promising technique with a reported 
phantom accuracy of 0.6–1.2 mm [ 24 ], patient studies of accuracy, however, 
describe greater errors of approximately 4 mm since the megavoltage CT scan is 
used only for initial set-up and not for re-positioning. Table  7.2  [ 8 ,  22 – 28 ] summa-
rizes the accuracy data for the most common radiosurgical systems currently in use.

7.5        Patient Selection Criteria 

 Although there is considerable variability among clinicians regarding patient selec-
tion for spinal SRS, the current clinical practice is mainly based on retrospective 
data and phase I-II trials [ 5 ,  7 ,  9 ,  11 ,  13 ,  14 ,  22 ,  29 – 32 ]. ASTRO has published very 
conservative suggestions strongly encouraging that these patients be treated within 
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the confi nes of clinical trials or at centers who are highly experienced at spinal 
radiosurgery [ 33 ]. The following recommendations (Table  7.3 ) are generated based 
upon the range of indications as described in the previous studies [ 4 ,  5 ,  7 – 9 ,  11 ,  13 , 
 14 ,  19 ,  20 ,  32 – 37 ] and our clinical experiences at Stanford.

   Recommended indications for spinal SRS of metastatic tumors include; (1) 
proven spinal disease on MRI or biopsy, (2) single or multiple spinal metastases (≤2 
consecutive vertebral levels or up to 3 noncontiguous spinal sites) without symp-
tomatic spinal cord compression or pathologic fracture requiring surgical stabiliza-
tion (3) previously irradiated (≥6 months interval between courses), (4) residual 
tumor after surgery, (5) recurrent tumor after prior surgical resection, or radiosurgi-
cal boost for radioresistant (e.g., renal cell, melanoma, sarcoma) tumors. In  addition, 
candidates for spinal SRS should have a good performance status (KPS > 60) and be 
able to lie supine in comfort on the treatment table for the duration of treatment. 
Benign intradural extramedullary tumors may benefi t from spinal SRS where com-
plete resection is not feasible or for recurrent tumors after surgery [ 18 ,  20 ]. While 

   Table 7.2    The accuracy data for the most common radiosurgical systems currently in use   

 System  Immobilization  Image-guidance  Error analysis 

 Cyberknife [ 23 ] 
(Accuray, Inc) 

 Head mask, cradle, 
vacuum bag 

 Xsight skeletal 
tracking or 
fi ducial tracking 

 Phantom- 0.61 ± 0.27 mm 
 Patient- 0.49 ± 0.22 mm 

 Novalis [ 25 ] 
(BrainLAb, Inc.) 

 Head mask, cradle, 
vacuum bag 

 Orthogonal 
images to set-up 

 Measure iso dose 2–4 % 

 Optical tracking  Patient- 1.36 ± 0.11 mm 
 TomoTherapy [ 24 ] 
(Accuray, Inc.) 

 Head mask, 
vacuum bag 

 CT  Phantom- ± 0.6–1.2 mm 
 Patient- ± 4–4.3 mm 

 Synergy S [ 26 ] 
(Elekta, Inc.) 

 BodyFix (Elekta)  Conebeam CT  Patient (w/o image 
guidance)- 5.2 ± 2.2 mm 

 HexaPOD robotic 
couch 

 Patient (with image guidance)- 
0.9–1.8 mm (translational) 
0.8–1.6° (rotational) 

 In-house systems 
[ 8 ,  22 ,  27 ,  28 ] 

 Stereotactic body 
frame or body cast 

 CT  Patient- varies from 1 to 
3.6 mm 

   Table 7.3    Recommendations for indications and contraindications for spinal SRS   

 Indications  Contraindications 

 Progressive but minimal neurologic 
defi cit 

 Severe neurologic defi cit with signifi cant cord 
compression 

 Post resection local irradiation  Neurologic defi cit caused by bony compression 
 Disease progression despite surgery 
and/or irradiation 

 Spinal instability 

 Medically inoperable  Lesion not responsive to radiation 
 Inoperable  Maximal tolerable radiation doses delivered to adjacent 

spinal cord 
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spinal radiosurgery for intramedullary conditions such as spinal arteriovenous mal-
formations (AVMs) and intramedullary hemangioblastomas have been reported by 
our institution, radiosurgery should be performed in circumstances when surgery is 
not an option and only by the most skilled interdisciplinary teams [ 38 ]. 

 Contraindications for spinal SRS include; symptomatic spinal cord compres-
sion, previous SBRT to the same level, unstable spine, inability to assume a posi-
tion suitable for accurate treatment, and life expectancy <3 months. Based on 
limited reports of potential spinal cord toxicity, care may be needed when targeted 
angiogenic therapy is planned within 2 months of spinal radiosurgery. Although 
ASTRO guidelines suggests an interval of at least 90 days between EBRT and when 
reirradiation by radiosurgery is being considered, our clinical experience showed 
that those most benefi t from SRS was seen with patients with at least 12 months 
interval [ 39 ].  

7.6     Diagnostic Images 

 Spinal magnetic resonance imaging (MRI) is the imaging modality of choice. 
However, additional information may be gained from, PET/CT scan, or CT myelog-
raphy. MRI of the entire spine is recommended in order to exclude multi-level dis-
ease. MRI of the involved spine within 4 weeks prior to SRS is crucial both for 
defi ning the extent of disease and delineation purposes. 

 MRI may be acquired using either 1.5-Tesla (T) or 3-T. While 3 T may improve 
anatomic visualization in the spine and more precisely differentiate tumor infi ltra-
tion versus normal bone marrow based on its increased signal-to-noise ratio, shorter 
scan times, and improved resolution, compared to 1.5, 3 T MRI may also be more 
challenging. For example, 3 T may be associated with increased susceptibility to 
metal, degradation of bone interfaces (related to chemical shift), reduced contrast 
on some T1 images (related to longer relaxation times), and higher likelihood of 
tissue heating (related to higher specifi c absorption rate). The most useful MRI 
sequences include T1- and T2-weighted sagittal and axial images as well as short 
tau inversion recovery (STIR) images [ 40 ]. Fat suppression imaging can help to 
distinguish tumor from normal bone marrow on T2 STIR images. Typically, patho-
logical lesions are hypointense on T1-weighted images with respect to bone mar-
row, hyperintense on T2-weighted images, and may have variable levels of 
enhancement with gadolinium. Gadolinium-enhanced, fat-suppressed T1 imaging 
is particularly useful for imaging of paravertebral or epidural disease. CT myelog-
raphy is an invasive procedure requiring injection of contrast into the subarachnoi-
dal space and may be used as an alternative to MRI for the purposes of visualizing 
the spinal cord. While CT myelography, is used less frequently, it can be particu-
larly helpful in circumstances where MRI is not feasible (e.g. claustrophobia or 
metal implants). Some groups have also investigated the use of 3D Fast Imaging 
Employing Steady-state Acquisition (FIESTA) MRI for the purpose of spinal cord 
delineation [ 41 ].  
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7.7     Simulation Studies 

 Immobilization is a key factor in the accurate delivery of spinal SRS. Patients should 
be positioned in a stable, comfortable, and reproducible position using vacuum bag, 
alpha cradle or stereotactic frame. Considering the long treatment duration, supine 
positioning is preferred over prone. Rigid plastic head and neck mask are preferred 
for immobilization, for lesions involving the cervical or upper thoracic spine areas. 
CT scan is the primary imaging for simulation and is used for target delineation and 
treatment planning. Preferably, high resolution thin slice CT with slice thickness of 
<2 mm should be used with images extending 5–10 cm above and below the region 
of interest. For non-coplanar beam arrangements, it is suggested that imaging extend 
±15 cm. Co-registration of the CT images with the MRI (gadolinium contrast 
T1-weighted and T2-weighted images) and/or CT myelogram is highly recom-
mended to delineate the spinal cord properly [ 7 ,  8 ]. Computed tomography (CT) 
myelography can be used for contouring spinal cord when MRI is not available [ 7 , 
 41 – 43 ]. The CT-myelogram may also play an important role especially for patients 
with metal implants or claustrophobic. If both MRI and myelogram are not avail-
able, the thecal sac or spinal canal should be delineated rather than spinal cord itself.  

7.8     Planning and Treatment Delivery 

 There is considerable variability in target delineation; the main goal for spinal SRS 
is to identify areas of tumor involvement and anatomic areas of potential tumor 
contiguity [ 7 ]. In general, gross tumor volume (GTV) and clinical target volume 
(CTV) are outlined without adding a planning target volume (PTV) margin. The 
CTV includes the GTV and the potential microscopic disease areas, PTV is identi-
cal to CTV. Contouring of CTV is primarily based on simulation CT imaging with 
MRI fusion. At Stanford, the SRS target volume includes the involved gross tumor 
seen on MRI and/or planning CT, vertebral body and involved pedicle(s). When 
there is no involvement of pedicles or posterior elements and the majority of the 
vertebral body is uninvolved by tumor, the GTV alone may be targeted for treat-
ment. Table  7.4  shows the target volume defi nitions for individual clinical situa-
tions. In all cases, the epidural or paraspinal component should be included in the 
target volume if present. Recently “International Spine Radiosurgery Consortium 
Consensus Guidelines for Volume Defi nition in Spinal radiosurgery” have summa-
rized consensus target delineation of common scenarios metastatic spine SRS [ 44 ].

   The most critical normal organ to contour and to incorporate radiation dose 
restrictions during treatment planning is the spinal cord. The spinal cord is usually 
outlined on the simulation CT based on co-registration with thin slice high- resolution 
MRI images through the region of interest. CT myelograms may also be very help-
ful when available. Our approach is to delineate the cord at least 5 cm above and 
below the superior and inferior margins of target volume, particularly in cases where 
non-coplanar beams are used. Acceptable radiation dose constraints for the spinal 
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cord are typically a maximum dose of 12–14 Gy in single fraction [ 11 ,  13 ,  45 ]. 
Other volumetric constraints may also be useful. It is sometimes helpful to outline 
the cauda equine as a separate critical organ because of its higher tolerance dose, up 
to 14 Gy [ 12 ]. Another alternative contouring method for the spinal cord when 
using strictly coplanar beam arrangements is applying a relative or partial volume 
dose constraint. Accordingly, the spinal cord is contoured 6 mm above or below 
SRS target volume, and constraints are set such that no more than 10 % of the con-
toured cord is treated above 10 Gy as described by Ryu et al. The AAPM Task 
report 101 has summarized both single fraction and multi-fraction suggested dose 
constraints for spinal cord and other critical structures [ 45 ]. Our current dose con-
straints as well as published alternative constraints for spinal cord and other critical 
organs are detailed in Table  7.5  [ 9 – 12 ,  45 ]. Dose constraints are occasionally relaxed 
for previously un-irradiated spinal cord as designated by the asterisk (*) in Table  7.5 .

   Depending on the vertebral level of the spinal lesion, other critical organs such 
as the pharynx, lung, and bowel may need to be considered. In the upper thoracic 
spine, the esophagus is an important organ to consider due to the risk of fi stula or 
rupture. The mediastinal window is used for contouring esophagus, starting usually 
5–10 cm above and below target volume. In the lower thoracic and upper lumbar 
spine kidneys become an important critical structure, especially in patients who 
have undergone nephrectomy. 

 In radiation treatment planning, it is important to adhere to the quality assur-
ance guidelines as described by the AAPM Task Group 101 (TG101). Some 
important issues to consider for treatment planning include (1) imaging parame-
ters, (2) calculation algorithms, (3) beam orientation. CT slice thickness of 
1–3 mm and calculation grid of 2 mm or fi ner are generally recommended 
(TG101). Due to the variation of tissue interfaces encountered with spinal radio-
surgery it is also recommended that more sophisticated dose calculation algo-
rithms be used, e.g. convolution/superposition technique or Monte Carlo (MC) 
technique (TG101). Pencil beam algorithm was found to be inadequate for 
 volumes with lung/tissue interface. Since the Cyberknife Multi-plan ray tracing 

   Table 7.4    Spinal radiosurgery target defi nitions   

 Involved 
fi eld 

 Metastases 
involving 
only vertebral 
body 

 Metastases 
extending 
through pedicles, 
not the posterior 
elements 

 Metastases 
involving 
only the 
posterior 
elements 

 Multiple 
lesions in 
a single 
vertebra 

 Postoperative 
volume 

 Clinical 
target 
volume 
(CTV) 

 GTV + 
vertebral 
body ± both 
pedicles 

 GTV + vertebral 
body + involved 
pedicle(s) 

 Spinous 
process and 
laminae 

 Whole 
vertebra 

 Residual 
tumor, 
operative 
tumor bed 

 GTV + up to 
2 mm margin 

 Whole vertebra 
including 
posterior 
elements 
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algorithm is based on pencil beam algorithm, it is best to use the option of MC 
calculation for thoracic spine with the target volumes adjacent to lung tissue. 
Depending on the treatment technique employed, aspects of beam orientation may 
be an important determinant of the achievement of optimal dose distributions. 
Linac-based stereotactic systems use co-planar or non-coplanar beams (5–10 
beams) well spread out to spare the normal tissues. Recently, volumetric modu-
lated arc therapy is widely adapted to deliver conformal SBRT doses while sub-
stantially shortening delivery time. The Cyberknife robotic system is capable of 

     Table 7.5    Various dose-volume constraints for selected normal organs   

 Study  Spinal cord  Esophagus 
 Kidney (right and 
left) 

 Benedict et al. (2010) [ 45 ] 
 Single fraction  V10 < 0.35  V 11.9 < 5 cc  V10.6 < 2/3 

volume 
 3 fractions  V7 < 1.2 cc  Dmax 15.4 Gy  Dmax 18.6 Gy 
 5 fractions  Dmax 15 Gy  V17.7 < 5 cc  V23 < 2/3 volume 

 V18 < 0.35 cc  Dmax 25.2 Gy 
 V12.3 < 1.2 cc  V19.5 < 5 cc 
 Dmax 21.9 Gy  Dmax 35 Gy 
 V23 < 0.35 
 V14.5 < 1.2 cc 
 Dmax 30 Gy 

 RTOG 0631 
 Single fraction  V10 < 0.35 cc  V16 < 0.03 cc  V8.4 < 200 cc 

 V10 < 10 % of the partial 
spinal cord 

 V11.9 < 5 cc 

 V14 < 0.03 
 Yamada et al. (2008) [ 11 ] 
 Single fraction  12–14 Gy point dose  n.r.  n.r 
 Ryu et al. [ 12 ] 
 Single fraction  <10 Gy to 10 % volume  n.r  n.r. 
 Jin et al. (2007) [ 10 ] 
 Single fraction  <10 Gy to 10 % volume  n.r.  n.r. 
 Gerszten et al. (2007) [ 9 ] 
 Single fraction  <8 Gy to mean 0.6 cm  n.r.  n.r. 
 Our constraints  V8 < 1 cm 3   D5cc < 12 Gy  V10.6 < 2/3 

volume 
 Single fraction  V10 < 0.35 cm 3   Dmax 14 Gy  Dmax 18.6 Gy 
 3 fractions  *V8 < 1.5 cm 3   D5cc < 18 Gy 

 *V10 < 0.5 cm 3   Dmax 25 Gy 
 Dmax 14 Gy 
 V15 < 1 cm 3  
 V18 < 0.5 cm 3  
 Dmax 21 Gy 
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non-isocentric beams delivery and typically uses 50–200 beams per plan. Because 
of the limitation of the robot workspace, however, most beams are oriented in an 
anterior, lateral, or anterior oblique fashion with little access to posterior beams. 
The lack of posterior beams has the potential to give more doses to anterior normal 
structures, such as heart and thus, may be clinically important for large patients or 
where the target is located at signifi cant depth. Efforts to overcome this limitation 
have been recently introduced by allowing prone positioning of the patient and 
incorporating motion tracking to maintain sub-millimeter accuracy.  

7.9     Dose and Fractionation 

 Dose fractionation preferences have been largely derived from retrospective data 
rather than formal dose escalation studies. Therefore there is wide variability in 
dose schedules currently in clinical practice. In general, single fraction dose equiva-
lent for spinal metastasis are in the range of 18–24 Gy for spinal metastases 
(Table  7.1 ). Investigators from Memorial Sloan-Kettering report that prescription 
doses of 24 Gy and minimum doses >15 Gy may be necessary for durable local 
control [ 46 ]. Table  7.5  summarizes dose schemes at select institutions.  

7.10     Toxicity 

 Similar to other modalities of radiation, non-neurologic complications such as 
fatigue and nausea may occur after spinal SRS. The most serious late complications 
are radiation myelopathy, vertebral compression fracture (VCF) and esophageal 
complications such as tracheoesophageal fi stula or esophageal perforation. 

 Spinal cord tolerance dose guidelines that limit toxicity to <5 % have been 
described to help guide practice [ 31 ,  47 ,  48 ]. Although the risk is low, spinal cord 
injury may cause paralysis or death. Therefore, in SRS treatment planning special 
care must be taken during contouring, planning, and treatment delivery. The largest 
series reported radiation myelopathy in nine patients and compared dosimetric and 
clinical factors with a cohort of 66 spine SRS patients without radiation myelopathy 
[ 48 ]. The authors recommend limiting thecal sac maximum point doses to 12.4 Gy 
in 1 fraction [ 48 ]. Similarly, Gibbs et al. have reported radiation myelopathy in six 
patients and one half of these patients have received spinal cord biologic equivalent 
doses exceeding 8 Gy, consequently their recommendation was to limit the volume 
of treated spinal cord above 8 Gy [ 49 ]. 

 Vertebral compression fracture (VCF) is a complication of spinal SRS that has 
been reported crude rates of up to nearly 40 % [ 50 – 52 ]. Osteolytic or osteoblastic 
metastatic disease may induce change the architecture and mineralization of bone 
that can decrease bone quality that may result in VCF [ 53 ]. The reported rates of 
VCF appear to be signifi cantly higher with spinal SRS compared to the <5 % rate 
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after conventional palliative radiotherapy [ 54 ]. A recent multi-institutional review 
of VCF in a cohort of 252 patients with 410 spinal segments treated by spinal 
radiosurgery, showed the cumulative incidence of VCF at 1 and 2 years of 12.3 
and 13.5 %, respectively [ 55 ]. Radiation dose per fraction >20 Gy was associated 
with a signifi cantly higher risk of VCF. Additionally, this study confi rmed base-
line VCF, lytic tumor, and spinal misalignment as predictive factors for 
VCF. While most patients who developed VCF in the published series were 
asymptomatic, approximately 22 % of patients required intervention for pain 
relief and mechanical stabilization. Minimally-invasive percutaneous cement 
augmentation procedures such as vertebroplasty and kyphoplasty may be used 
when feasible [ 53 ]. 

 Limited data exist to predict esophageal toxicity from spinal SRS. Grade 3 or 
higher late esophageal toxicity risk was reported to be low in recent series [ 56 ,  57 ]. 
Patients treated with prior or concurrent chemotherapy have higher risk of esopha-
geal toxicity [ 56 ,  57 ] and iatrogenic manipulation of the esophagus such as dilata-
tion, biopsy and stent placement may increase esophageal toxicity [ 57 ].  

7.11     Follow Up 

 Physical and neurological examinations for the fi rst 1–2 weeks after spinal SRS is 
recommended to evaluate any unusual symptoms or side effects. An MRI of the 
treated spine at 1–3 monthly after SRS is performed for follow-up of spinal metas-
tases. For benign lesions, 6–12 monthly intervals are typically recommended.  

7.12     Future Directions 

 While SRS of spinal tumors is an emerging trend, there is a need for further inves-
tigation and research to refi ne the optimal treatment parameters, to confi rm long- 
term durability of tumor control, and to better understand the limits of spinal cord 
tolerance. Even in the absence of randomized prospective studies, current data 
strongly supports the effi cacy of this treatment in terms of local control, pain man-
agement, and toxicity for metastatic and benign intradural spinal tumors. To some 
degree the availability of 3 T spinal imaging has improved the delineation of tumor 
in the bone marrow. In the future, assessments of response and tumor control will 
likely be aided by improvements in imaging. For example, specialized MRI 
sequences that correlate tumor vascular effects of radiation may be helpful in deter-
mining tumor control. With careful patient selection and planning, SRS has the 
potential to be applied beyond spinal tumors. In our own experience, it has been 
used to manage spinal arteriovenous malformations and functional indications such 
as facetogenic back pain.     
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    Chapter 8   
 Stereotactic Radiotherapy for Lung Tumors 

                Joost     J.     Nuyttens     

    Abstract     Early stage lung cancer may often be not amenable for surgery due to poor 
underlying lung function. While conventional radiation therapy may be utilized, 
respiratory motion often implies inclusion of large volumes of normal lung, to cover 
the planning target volume with the attending morbidity. This poses a signifi cant 
challenge for utilising SBRT, where sharp gradients and short treatment schedules 
benefi t these patients. Different techniques have been utilized to address this, and 
SBRT has been a useful treatment option for peripheral lung tumors with excellent 
local control. Central lung tumors still pose challenges due to anatomical location and 
proximity of critical structures, emphasizing the need for careful patient selection. 

 This chapter outlines the role of SBRT in Lung cancer, serves as practical guide 
addressing the technical challenges and provides an overview of the available 
literature 

 In stereotactic radiotherapy, many different techniques have been developed to 
control for motion of tumors in the lung. The following methods have been applied 
to reduce the impact of respiratory tumor motion on dose distribution: 
(1) patient-specifi c treatment volumes based on tumor motion observed during 
planning CT scans (CT-based ITV), (2) forced shallow breathing with abdominal 
compression, (3) breath-hold methods, (4) respiratory gating methods, and (5) real- 
time tumor tracking. These different techniques will be reviewed in this chapter. 
The simulation and target defi nition depend on the technique. 

 The local control is excellent for peripheral tumors. However, the local control 
for central tumors varies depending on the total dose administered. The reported 
overall survival is excellent but depends on patient selection. The acute and late the 
toxicity of treatment of peripheral tumors is low. When treating central tumors, cau-
tion must be taken because the organs at risk are in close proximity and fatal toxicity 
has been reported by some authors.  

  Keywords     Real-time tumor tracking   •   ITV   •   Breath hold   •   Forced shallow breath-
ing   •   Respiratory gating   •   Local control   •   Outcome   •   Toxicity  
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8.1         Introduction 

 Lung cancer is the most common cause of cancer related death. Seventy-fi ve percent 
of patients with bronchogenic carcinoma will be diagnosed with non-small cell lung 
cancer (NSCLC). Approximately 15–20 % of NSCLC patients present with early or 
localized disease [ 1 ]. Surgical resection of stage I (T1–2, N0) NSCLC results in 
5-year survival rates of approximately 60–70 % and remains the treatment of choice 
for this population [ 2 – 4 ]. Unfortunately, some patients with early-stage NSCLC are 
unable to tolerate the rigors of surgery or the postoperative recovery period due to 
severe comorbidity. Patients deemed medically inoperable or who refuse surgery 
have been treated with non surgical therapies, such as conventionally fractionated 
radiotherapy, or have been simply observed without any anti-tumor therapy. While 
some patients succumb to their comorbid illnesses, many of these patients will die 
of progressive lung carcinoma. Mc Garry et al. reviewed the outcome in 75 medi-
cally inoperable patients who received no specifi c cancer therapy at time of diagno-
sis for stage I NSCLC, and the cause of death was cancer in 53 % of cases [ 5 ]. 

 To control the tumor in these patients, the dose must be increased without cor-
respondingly increasing normal tissue toxicity. Therefore, not only is a precise dose 
delivery required but also a respiratory tracking method must be used to reduce the 
planning target volume. In a planning study, Prevost et al. compared stereotactic 
radiotherapy with real-time tumor tracking and three-dimensional conformal radio-
therapy (3D CRT). They were able to deliver a 75 % higher mean dose with stereo-
tactic radiotherapy and real-time tumor tracking compared to 3D CRT without 
increasing the dose to the lungs or other organs at risk [ 6 ]. This precise dose deliv-
ery is now achieved with the image-guided linear accelerators like the cone beam 
linear accelerator. Tomotherapy (Accuray Inc, Sunnyvale, CA) linear accelerators 
with X-ray tubes mounted on the ceiling or fl oor, and the CyberKnife. 

 Due to the precise delivery of image-guided radiotherapy, a reduction of safety 
margins surrounding the gross tumor volume is allowed. Sometimes GTV and CTV 
can be combined. Consequently, treatment volumes are reduced and treatment doses 
can be escalated. However, tumors can move considerably during the breathing 
cycle. These tumors can often move by more than 1 cm and sometimes as much as 
3 cm during deep inspiration or expiration [ 7 ]. The following methods have been 
applied to reduce the impact of respiratory tumor motion on dose distribution: (1) 
patient-specifi c treatment volumes based on tumor motion observed during plan-
ning CT scans (CT-based ITV), (2) forced shallow breathing with abdominal com-
pression, (3) breath-hold methods, (4) respiratory gating methods, and (5) real-time 
tumor tracking [ 8 ]. So, due to the combination of a precise delivery and a reduction 
in the impact of the motion of the tumor, the target volume can be reduced and the 
dose can thus be safely escalated. Due to this dose escalation, high local control 
rates exceeding 90 % have been reported for early-stage NSCLC patients treated 
with stereotactic radiotherapy (SRT) [ 9 – 11 ]. In this chapter, different methods to 
reduce the impact of tumor motion, the clinical results of the treatment of primary 
lung tumors, including central tumors, and lung metastases will be reviewed.  

J.J. Nuyttens



129

8.2     Methods to Reduce the Impact of the Tumor Motion 

8.2.1     Introduction 

 The ultimate goal of methods to reduce the impact of tumor motion is reducing the 
planning target volume margin from GTV or CTV. Reducing the target volume will 
reduce the radiation dose to organs at risk. However, by reducing the PTV margin, 
the tumor could be missed (a geographical miss). An extra margin around CTV is 
necessary because the tumor moves internally with respiratory motion. The ICRU 
reports defi ne the margins that are necessary: the tumor as seen on a CT scan or on 
other examination is called the gross tumor volume (GTV) (Fig.  8.1 ). The GTV plus 
a margin to take into account microscopic extension of the tumor is the clinical 
tumor volume (CTV). The CTV plus a margin for the internal motion of the CTV is 
called the internal target volume (ITV). The ITV represents the movements of the 
clinical target volume (CTV) referenced to the patient coordinate system and is 
specifi ed in relation to internal and external reference points, which preferably 
should be rigidly related to each other through bony structures. Finally a margin for 
positioning and motion of the patient on the table is added to the ITV and results in 
a planning target volume or the volume that must be used to get the correct dose 
within the tumor [ 12 ]. Most methods reduce all margins except the margin from 
GTV to CTV.

  Fig. 8.1    The defi nition of 
GTV, CTV, ITV, and PTV. 
 GTV  gross tumor volume, 
 CTV  clinical target volume, 
 ITV  internal target volume, 
 PTV  planning target volume       
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8.2.2        Real-Time Tumor Tracking 

 The most commonly used method of real-time online tumor tracking is the CyberKnife 
Synchrony system. With real-time tumor tracking, the GTV is expanded to a CTV and 
then to a PTV and results usually in a total margin from the GTV to PTV of 5–8 mm. 
An ITV is not required. The CyberKnife (Fig.  8.2 ) is a frameless image- guided radio-
therapy system involving a 6 MV x-band linear accelerator mounted on a robotic arm, 
which possesses six degrees of freedom of motion. The imaging system consists of 2 
diagnostic X-ray sources mounted to the ceiling paired with amorphous silicon detec-
tors to acquire live digital radiographic images of the tumor, or tumor localizing sur-
rogates such as the skull, spine, or fi ducial markers. The Synchrony system enables 
4-dimensional real-time tracking of tumors that move with respiration. An advantage 
of the Synchrony subsystem is that the patients can breathe normally. Synchrony com-
bines non continuous X-ray imaging of internal fi ducial markers as surrogates for the 
tumor position, with a continuously updated external breathing signal. In more recent 
system versions, it is possible to track the tumor directly in the X-ray images (in cer-
tain very specifi c circumstances) using the contrast between tumor and surrounding 
lung tissue, thereby removing the need to implant fi ducial markers. A correlation 
model that relates the external breathing signal with the motion of the tumor provides 
a real-time update of the beam position that is fed to the robotic arm on which the 
linear accelerator is mounted. In the treatment room, the patient is placed in a supine 
position on the couch in the vacuum mattress. Three light-emitting diodes (LEDs) are 
placed on the patient’s chest or abdomen to provide the external breathing signal. The 

  Fig. 8.2    The CyberKnife.  White arrow , linear accelerator;  black arrow , robot;  red arrow , one of 
the 2 X-ray tubes;  green arrow , one of the 2 fl at panels;  blue arrow , Synchrony camera       
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motion of these LEDs due to respiration is registered by a digital camera array (the 
Synchrony camera) (Fig.  8.2 ). Initial patient alignment is conducted by the X-ray 
image-guidance system and the remotely controlled treatment couch, such that the 
extent of the respiratory motion is within the translational limits of the robot. The 
tumor is localized by reconstructing the 3D position of the tumor or the fi ducial mark-
ers, which are automatically segmented in the X-ray images. The reconstructed posi-
tion is compared with the position in the planning CT scan (Fig.  8.3 ). Just prior to the 
start of the irradiation, the correlation model is built by acquiring approximately 8 
X-ray image pairs at different phases of the breathing cycle (Fig.  8.4 ). The Synchrony 
system makes a correlation model that relates the movement of the tumor or the fi du-
cial markers and the LEDs. Non linear models are used to account for hysteresis in the 
tumor trajectory. Using this model, the linear accelerator can continuously track the 
motion of the tumor via the motion of the LEDs. The correlation model is intermit-
tently validated and updated throughout treatment by acquiring new X-ray image 
pairs (typically every 1–6 min at our site). After each image-pair acquisition, the cor-
relation model error is displayed on the system console. This measures the distance 
between the tumor position detected from the new images and the expected position 
based on the current correlation model. If the correlation model error is larger than 
5 mm, a system interruption is generated and the operator has to build a new model. 

  Fig. 8.3    Alignment of the tumor with the use of implanted fi ducial markers. A screen dump of the 
digital display at the CyberKnife treatment console taken before treatment in order to align the 
tumor. In the  fi rst column , the DRR is shown. In the  green  cubes, the markers on the DRRs are 
shown. In the  second column , 2 orthogonal images of the patient are shown. The  green  crosses 
indicate the marker positions detected automatically by the tracking software. The offsets between 
the target centroid position in the treatment plan and that calculated from the live X-ray images are 
shown under the heading “Couch Corrections.” Initially this information is used to automatically 
adjust the couch position. Once treatment starts, the couch remains static and all tracking is per-
formed using the robotic arm and LINAC. The  third column  shows an overlay of the DRRs and 
the X-ray images after the calculated offsets are applied       
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Otherwise, the new tumor position and corresponding LED positions are added as a 
new data point into the existing set of correlation model data points, and the model is 
regenerated such that the model adapts during each treatment fraction to changes in 
the internal external motion correlation [ 13 – 18 ]. Tumor tracking during respiration 
can be done in two ways using the CyberKnife system: one way is with the use of 
digital radiographic images of the tumor with the Xsight lung system and the other 
way is with the use of fi ducial markers. The Xsight lung system was commercially 
released in 2006 and has been updated twice since then by the vendor. Clinical experi-
ence with the latest algorithms is currently limited. On the other hand, several 
CyberKnife users did report on the technique to place fi ducials based on extensive 
clinical experience. In total, fi ve different techniques are available to place markers: 
(1) bronchoscopic, (2) percutaneous intrapulmonary, (3) percutaneous extrapulmo-
nary, (4) intravascular, and (5) bronchoscopic with electromagnetic navigation.

8.2.3          CT-Based Internal Gross Tumor Volume (ITV) 

 The movement of tumors in the lung depends on their location within the lung. These 
tumors often move by more than 1 cm and sometimes as much as 3 cm during deep 
inspiration or expiration. The reduction of margins with a CT-based ITV is based on 
the individual movement of the tumor. A tumor that is moving less than one centime-
ter will thus get a smaller margin than a tumor that is moving more than 1 cm. A 
CT-based ITV is preferably outlined on the expiratory phase of the 4 D images and 
registered with the outline on other respiratory phases to create a union of target 
contours enclosing all possible positions of the target (an ITV). Another method is to 
create an image of maximum intensity projection by combining data from the mul-
tiple CT data sets with data from the whole-breath cycle and modify tumor volume 
by visual verifi cation of the target volume throughout the breathing phases. In this 
case, the ITV should consist of the GTV plus a margin to account for microscopic 
disease (8 mm). Even with 4D-CT, the free-breathing simulation is only a snapshot 
and a single stochastic sampling of the patient’s respiratory cycle. Attention should 
be paid to irregular breathing and variations in the patient’s breathing pattern over 

  Fig. 8.4    The timing of imaging to calculate tumor trajectory in three dimensions.  Green ,  blue , and 
 purple lines : breathing cycle as recorded with the Synchrony camera;  red arrows , imaging during 
expiration;  white arrows , imaging during inspiration. In reality the image acquisitions are spaced 
over multiple breathing cycles and can be timed automatically by the Synchrony system to ensure 
that the entire respiratory cycle is evenly sampled       
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the course of each treatment session and the entire treatment course and to the effects 
of these irregularities on the ITV margin [ 19 ]. If 4 D CT is not available, an ITV can 
be developed based on breath-hold spiral CT images that require the patient to hold 
his/her breath once during the simulation at the end of expiration and once at the end 
of inspiration, but not during treatment delivery. In this procedure, images are 
acquired through the use of a standard extended temporal thoracic CT protocol. In 
this protocol, patients are asked to breathe normally, and the extended temporal CT 
images are acquired at the beginning of the simulation; the isocenter is then set. 
Subsequently, images are obtained by using a fast CT simulation protocol while at 
the end of inspiration and expiration. Separate GTVs and CTVs should be delineated 
by a physician both on the end of expiration CT image set and on the end of inspira-
tion image set. An ITV is then generated by combining the two CTVs on the extended 
temporal CT scan to form an ITV that includes the entire path of the CTV as it moves 
from inspiration to expiration. Normal tissues should be contoured in the extended 
temporal CT images as well. The ITV will be superimposed on the slow CT images, 
which will serve as the basis for treatment planning [ 20 ].  

8.2.4     Forced Shallow Breathing with Abdominal Compression 

 The patient is immobilized in a stereotactic body frame (Fig.  8.5 ). This usually 
consists of a vacuum pillow and a rigid frame with a laser system attached for posi-
tioning and a diaphragm control device. Several small tattoos are placed on the 
patient’s chest for repeated positioning. A pressure can be applied to the upper 
abdomen using the diaphragm control device. This device consists of an abdominal 
plate and a screw that is attached to the body frame (Fig.  8.6 ). The pressure on the 
upper abdomen is regulated by adjusting the height of the plate with the screw 
(Fig.  8.7 ). The patient is now only able to have shallow breathing. Margin reduction 
from CTV to PTV is possible because on one hand the tumor will move less than 
1 cm due to the shallow breathing and on the other hand due to the exact immobili-
zation with the whole body frame and the abdominal compression [ 21 – 24 ].

8.2.5          Breath-Hold Methods 

 With the breath-hold methods, the CTV to PTV margin is reduced because radiation 
is only delivered when the tumor is not moving during the breath hold. This method 
is also called the deep inspiration breath-hold technique (DIBH). Barnes et al. found 
that, on average, self-gated DIBH decreased the percent of lung volume receiving 
20 Gy (V20) from 12.8 to 8.8 % with GTV-to-PTV margin reduction [ 25 ]. 

 In the DIBH technique, the patient is initially maintained at quiet tidal breathing, 
followed by a deep inspiration, a deep expiration, a second deep inspiration, and 
breath hold. At this point the patient is at approximately 100 % vital capacity, and 
simulation, verifi cation, and treatment take place during this phase of  breath- holding. 
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  Fig. 8.5    The whole body frame with abdominal immobilization.  Green arrow , the whole body 
frame;  red arrow , the abdominal compression plate       

  Fig. 8.6    A detailed picture of the whole body frame with abdominal immobilization.  Yellow 
arrow , abdominal plate;  green arrow , screw to regulate the degree of abdominal compression       
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Different methods have been implemented based on this principle. To monitor lung 
infl ation levels, the patient breaths through a mouthpiece connected to a differential 
pressure pneumotachograph spirometer or modifi ed ventilator interfaced to a laptop 
computer to monitor the air fl ow. A nose clip is used to prevent nasal breathing 
[ 26 – 28 ]. If the patient is at the right inspiration level, the therapist can turn on the 
beam. With another method, the patient controls an interlock of a modifi ed linear 
accelerator if he/she reaches the right inspiration level. The therapist turns on the 
beam when the patient judges that he/she has attained the correct breath-hold level 
(=self-gated DIBH). To familiarize the patient with the procedure, a training session 
is given a few days before the planned simulation. Breath-holding techniques may 
be poorly tolerated by patients with mediocre lung function, and active patient and 
therapist participation is often required [ 29 ].  

8.2.6     Respiratory Gating Methods 

 The ITV is smaller because irradiation of the tumor only occurs during a certain 
phase in the breathing cycle. A device monitors patient breathing and allows delivery 
of radiation only during certain respiratory phases, synchronous with the patient’s 
respiratory cycle. Several devices have been developed; however, the real-time posi-
tion management respiratory gating system (RPM) is most commonly used [ 30 – 32 ]. 
This system uses two passive refl ective markers that are placed on the patient’s chest 

  Fig. 8.7    A CT scan slice through the whole body frame.  Red arrow , the whole body frame;  yellow 
arrow , abdominal plate;  green arrow , screw to regulate the degree of abdominal compression       
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or abdomen. An illuminator sends infrared light to the refl ective markers and the 
markers send the light back to a video camera. The respiratory movement is tracked 
by the upper marker; the lower marker calibrates the system. A computer processes 
the video signals and sends on-off control signals to the linear accelerator. The patient 
has to breathe regularly and stably during simulation and treatment. At the start of the 
simulation and the irradiation, the minimum and maximum position of the upper 
marker is determined by recording a few breathing cycles [ 33 ]. The planning CT 
scan must be acquired in the same phase of the breathing cycle as the treatment.   

8.3     Simulation, Treatment Planning, Constraints, 
and Prescription 

 The simulation depends on the radiation therapy technique as is explained in Chap.   6    . 
Usually, the patient is simulated and treated in the prone position with or without a 
vacuum mattress to minimize motion of the patient. The treatment planning CT scan is 
performed with intravenous contrast, usually with a wide-bore multi-slice computed 
tomography (CT) simulator. The use of 4D CT scans, exhale or inhale CT scan com-
bined or not combined with a contrast enhanced planning CT scan, depends on the 
radiation technique (see Chap.   6    ). The patient is scanned from his/her teeth to the mid-
dle of his/her abdomen, and the trans axial imaging has a slice thickness of 1.5–3 mm. 

 The planning CT is transferred to the treatment planning system (TPS). The 
tumor and organs at risk (OAR) are then contoured. The gross tumor volume (GTV) 
is contoured using the lung window. Margins to the GTV are added depending on 
the radiation technique (see Chap.   6    ). The OAR consist of both lungs, esophagus, 
the heart, and the spinal cord. 

 Usually, inverse treatment planning is used; however, the treatment plan can also be 
calculated using forward planning, and depending on the radiation technique, the num-
ber of beams varies between 7 and 15 using conventional IG-IMRT techniques or up 
to 150 beams using stereotactic radiotherapy with the CyberKnife. The total dose is 
prescribed to the isodose surface that covers 95 % of the volume of the PTV. The total 
dose depends on the fractionation scheme (see Chap.   5     and   6    ). The dose to normal tis-
sues (lungs, heart, spinal cord, etc.) should be within the constraints. An example of 
dose constraints to the OAR using different treatment schedules is shown in Table  8.1 . 
Two opposite (90°) digitally reconstructed radiographs (DRRs) are generated to align 
the patient correctly; however, also this depends on the radiation technique.

8.4        Clinical Outcome of Primary Lung Tumors 

8.4.1     Introduction 

 Stereotactic body radiotherapy (SBRT) targets and delivers high ablative doses of 
radiation to sites within the body while applying methods to reduce the effects of 
tumor motion to help assure accuracy and precision, as described in Chap.   6    . 
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However, caution must be taken if the tumor is close to organs at risk such as the 
trachea, mainstem bronchus, esophagus, or heart. Serious complications, including 
death following bacterial pneumonia, pericardial effusion, radiation pneumonitis, or 
massive hemoptysis, have been reported [ 34 ,  35 ]. Therefore, the tumors are classi-
fi ed into two groups: the peripheral tumors and the central tumors. Although there 
are several defi nitions, central tumors are tumors located <2 cm from the trachea, 
mainstem bronchus, main bronchus, or esophagus, as well as tumors located close 
to the heart and tumors located in the mediastinum. 

 SBRT to peripheral tumors has resulted in high local tumor control rates [ 9 – 11 ]. 
An example of an excellent local control in one patient is shown in Fig.  8.8 . Less 
experience exists in SBRT for central lung tumors because they are relatively rare 
and because common SBRT dosing schedules, such 3 fractions of 20 Gy, cannot be 
safely used due to the proximity of the trachea, mainstem bronchus, esophagus, or 
heart. By increasing the number of fractions to 5, 8 or even 10 and reducing the 
fractional dose, some groups have reported successful treatment of central lung 
tumors with minimal complications [ 36 ]. However, some authors did report grade 5 
toxicity related to the treatment [ 34 ,  37 – 39 ].

8.4.2        Peripheral Tumors 

 Although many articles did report the outcome of stereotactic radiotherapy of 
peripheral tumors, a randomized trial comparing surgery or different methods of 
radiation delivery has not been done. Treatment schedules with single fractions 
were mainly used in the beginning but are still used by some radiation centers. 
Whyte was one of the fi rst to report his/her results with a single fraction of 15 Gy in 
a phase I clinical trial [ 40 ]. Later on, dose escalation studies were done [ 30 ,  34 ]. 
Hara et al. reported a 2-year local control rate for patients receiving a single fraction 
of 30 Gy or more of 83 % compared to 52 % in those treated with a single fraction 
less than 30 Gy [ 30 ]. However, Hof et al. concluded that single fraction SRT was a 
safe and effective treatment option for patients with small tumors but that the appli-
cation to larger tumors was unclear [ 41 ]. While these articles did appear, other 

   Table 8.1    Dose constraints   

 Dose constraints for  1 fraction  3 fractions  5 fractions  7 fractions 

 Organ  Volume 
 Dose 
(Gy/fr) 

 Dose 
(Gy/fr) 

 Dose 
(Gy/fr) 

 Dose 
(Gy/fr) 

 Spinal cord  Any point  12.5  6  5.5  4.5 
 Esophagus  Any point  13  7  7  6 
 Heart  Any point  15  12  10  8 
 Trachea and main bronchus  Any point  16  10  10  8 
 Plexus brachialis  Any point  14  8  6  5 
 Liver  Any point  30  20  12  8 
 Lung  V 20  (EQD2)  <31 %  <31 %  <31 %  <31 % 

  V 20  (EQD2): the volume (in %) receiving ≥20 Gy, expressed in equivalent dose of 2 Gy  

8 Stereotactic Radiotherapy for Lung Tumors



138

articles did report the outcome of multiple fractions. The most commonly used 
schedule for peripheral tumors is one with 3 fractions of 18-20Gy, but schedules 
with 4 or more fractions also exist. 

 The fi rst three most important articles are from Timmerman et al., Onishi et al., 
and Wulf et al. [ 9 ,  42 ,  43 ]. Timmerman et al. performed a dose escalation study with 
inoperable early-stage lung cancer patients. He started with 24 Gy in 3 fractions and 
escalated the dose at 2 Gy per fraction [ 42 ]. Patients with T1 vs T2 tumors under-
went separate independent dose escalations. Thirty-seven patients were enrolled 
and both T-stage groups ultimately reached and tolerated 60 Gy in 3 fractions. The 
maximum tolerated dose for this therapy in either T-stage group was not reached. 
Tumors responded to treatment in 87 % of patients (complete response, 27 %). After 
a median follow-up period of 15 months, 6 patients experienced local failure, all of 
whom had received doses of <18 Gy per fraction since February 2000. One patient 
experienced grade 3 pneumonitis and another patient had grade 3 hypoxia. 
Onishi et al. reported in 2004 the clinical outcome of a Japanese multicenter 

a b

c d

  Fig. 8.8    T2 N0 NSCLC before the treatment ( a ) and the clinical result after 1 year ( b ), 2 years ( c ), 
and 3 years ( d ). Note pulmonary fi brotic change       
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study [ 9 ]. Two hundred forty-fi ve patients with stage I NSCLC (T1N0M0, n = 155; 
T2N0M0, n = 90) were treated with hypofractionated high-dose stereotactic radio-
therapy in 13 institutions. Stereotactic three-dimensional treatment was performed 
using non- coplanar dynamic arcs or multiple static ports. A total dose of 18–75 gray 
(Gy) at the isocenter was administered in 1–22 fractions. The median calculated 
biologic effective dose (BED) was 108 Gy (range, 57–180 Gy). Local progression 
after a median follow-up of 24 months occurred in 14.5 %, and the local recurrence 
rate was 8.1 % for BED ≥100 Gy compared with 26.4 % for <100 Gy (p < 0.05). 
The 3-year overall survival rate of medically operable patients was 88.4 % for BED 
≥100 Gy compared with 69.4 % for <100 Gy (P < 0.05). 

 Wulf et al. compiled the results of several studies. They included both lung 
metastases (n = 56) and primary lung tumors (n = 36) [ 43 ]. Twenty-four patients 
receiving 3 × 10 Gy, 22 patients receiving 3 × 12.5 Gy, and thirty-one patients receiv-
ing 1 × 26 Gy had 2-year local control rates of 71, 92, and 100 % respectively. After 
a median follow-up of 14 months (2–85 months), 11 local recurrences were observed 
with signifi cant advantage for higher doses. These 3 studies did show the effi cacy of 
a biologically effective dose (BED) of 100 Gy or more, and therefore, these are the 
most used schedules with 3 fractions of 17–20 Gy. With the current techniques as 
described in Chap.   6    , the 2-year local control is 93 % or more (see Table  8.2 ). The 
2-year overall survival varies between 58 and 91 %, but depends on patient selection 
as most treated patients are not candidates for surgery due to their comorbidities as 
cardiovascular and pulmonary diseases (see Table  8.3 ).

8.4.3         Central Lung Tumors 

 The tumor-ablative effects of high-dose SBRT for lung cancer can be safely extended 
to lesions in the central chest if treatment is adapted to reduce the risk of OAR 
injury. Several studies have now shown that delivering lower doses over 4–10 frac-
tions can considerably reduce toxicity of SBRT in the central chest [ 11 ,  39 ,  44 , 

   Table 8.2    Local control after treatment for early-stage lung cancer, peripherally located   

 Technique 
 Number of 
patients 

 Total 
dose 

 Number of 
fractions 

 Local control 
at 2 years (%)  Author 

 Real-time tumor 
tracking 

 70  60  3  96  Van der Voort et al. 
[ 10 ] 

 Real-time tumor 
tracking 

 20  42–60  3  95  Vahdat et al. [ 44 ] 

 CT-based ITV  591  60  3–5-8  93  Verstegen et al. [ 45 ] 
 Real-time tumor 
tracking 

 43  50  10  95  Xia et al. [ 46 ] 

 Whole body frame  45  48  4  100  Nagata et al. [ 47 ] 
 Breath hold or 
respiratory gating 

 20  45–54  3–4  94  Ng et al. [ 48 ] 
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 51 – 54 ], although doses that are often used in treating peripheral lung lesions can 
result in serious toxicity and death when delivered to central lesions [ 24 ,  34 ,  35 ,  37 ] 
or can result in at least a higher rate of toxicity than for peripheral lesions [ 38 ]. The 
published studies to date have typically consisted of a mixed population of periph-
eral and central tumors and included a relatively small number of patients (8–27 
patients) with central tumors. However, 2 studies reported on a larger group: 
Haasbeek et al. reported on 63 patients who were treated with eight fractions of 
7.5 Gy [ 55 ]. Of these 63, 37 patients had a tumor at a central hilar location, whereas 
26 patients had tumors abutting the pericardium or mediastinal structures. The 
median follow-up was 35 months. Three-year local control rate was 92.6 %, and the 
3-year overall survival rate was 64.3 %. Nuyttens et al. reported on 58 central lesions 
in 56 patients (39 with primary, 17 with metastatic tumors) [ 56 ]. Fifteen tumors 
located near the esophagus were treated with 6 fractions of 8 Gy. Other tumors were 
treated according to the following dose escalation scheme: 5 fractions of 9 Gy 
(n = 6), then 5 fractions of 10 Gy (n = 15), and fi nally 5 fractions of 12 Gy (n = 22). 
In 21 patients, the coverage of the PTV was reduced below 95 % to protect adjacent 
organs at risk. At a median follow-up of 23 months, the actuarial 2-year local tumor 
control was 85 % for tumors treated with a BED >100 Gy compared to 60 % for 
tumors treated with a BED ≤100 Gy. The median volume of the main bronchus 
irradiated to an EQD2 of 130 Gy or a BED of 216 Gy in 29 patients was 0.4 cm 3  
(range, 0.001–4.9 cm 3 ). The median Dmax to the esophagus was 88 Gy 3  EQD2 of 
143 Gy BED. 

 In some studies in which lower doses per fraction were delivered, reduced toxic-
ity seemed to come at the expense of local control. For example, Taremi et al. deliv-
ered 50 or 60 Gy in 8 fractions to 20 patients with central lesions (out of 108 patients 
treated overall) and observed no severe toxicity related to tumor location [ 54 ]. 
However, seven of the ten local recurrences were central lesions, fi ve of which were 
treated with 50 Gy. Chang et al. observed low toxicity but a high recurrence rate 
(43 %) in seven patients treated with 40 Gy in 4 fractions [ 52 ]. A similar combina-
tion of low dose (BED < 100 Gy) with relatively low toxicity and relatively low local 

   Table 8.3    Survival after treatment for early-stage lung cancer, peripherally located   

 Technique 
 Number 
of patients 

 Total 
dose 

 Number of 
fractions 

 Survival at 2 
years  Author 

 Real-time tumor 
tracking 

 70  60  3  63 %  Van der Voort et al. [ 10 ] 

 Real-time tumor 
tracking 

 20  42–60  3  90  Vahdat et al. [ 46 ] 

 CT-based ITV  591  60  3–5-8  65  Verstegen et al. [ 45 ] 
 CT-based ITV  43  50  10  91  Xia et al. [ 44 ] 
 Whole body frame  45  45  3  71  Nyman et al. [ 49 ] 
 Whole body frame  45  48  4  90 (T1N0M0)  Nagata et al. [ 47 ] 

 72 (T2N0M0) 
 Breath hold or 
respiratory gating 

 35  60  10  58  Onishi et al. [ 50 ] 
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control was obtained by Onimaru et al. [ 39 ] and Guckenberger et al. [ 57 ]. We treated 
several of our patients with doses lower than 50 Gy and found a statistical trend 
toward poorer tumor control in these patients, a fi nding that is consistent with these 
reports. 

 Other authors, however, have reported the ability to deliver doses equal to or 
above BED = 100 Gy, resulting in the combination of good tumor control (>85 % at 
1.5–2 years) and low toxicity [ 11 ,  44 ,  53 ]. Stephans et al., for example, were able to 
treat central lung lesions without serious toxicity using 50 Gy delivered in 5 frac-
tions [ 53 ]. Patients were immobilized in a stereotactic frame and abdominal com-
pression was applied to reduce tumor motion. Tumor control at a median follow- up 
of 18.4 months was 98 %. 

 A risk-adapted treatment of central lesions requires both a consideration of the 
maximum overall and fraction doses and care to optimize the dose distribution to 
meet strict dose constraints for sensitive central structures, because several authors 
did report grade 4 and 5 toxicity (see Chap.   6    ). The fact that even doses as low as 
40 Gy can cause signifi cant complications points to the critical importance of care-
ful treatment planning, accurate patient setup, and precise radiation delivery 
throughout a treatment fraction [ 24 ].   

8.5     Clinical Outcome in the Treatment of Lung Metastases 

 Patients with metastatic disease to the lung who are referred for radiotherapy are, 
for a number of reasons, a very different group: they often have centrally located 
lesions, may have one or more lesions in each lung, have previously undergone a 
lobectomy or pneumonectomy, or are bad surgical candidates due to their medical 
condition. The presumed state of oligometastasis, as described by Hellman et al., is 
one in which lesions are detected prior to the widespread distribution of malignant 
cells [ 58 ]. In such a state, an effective local therapy such as SRT should, in theory, 
arrest the disease progression and extend life. If a local therapy is non invasive and 
associated with low toxicity, then life-extending treatment can be delivered without 
seriously impacting a patient’s quality of life during or after treatment [ 59 ,  60 ]. 
Combined with surgical and chemotherapeutic approaches as necessary, as well as 
aggressive use of modern imaging to detect smaller, tumours, the potential to con-
trol disease progression over the long term with stereotactic radiotherapy makes it a 
powerful tool in the oligometastatic state. Stereotactic radiotherapy may also be 
applied in patients who cannot endure surgery, or patients who have undergone 
repeated systemic treatments, thus extending the potential of local treatment of 
oligometastases to patients who might otherwise have been treated palliatively. 

 Published reports of SRT for lung oligometastases reveal a wide variety of dose/
fractionation schemes, approaches to image guidance and motion management, and 
related margins to account for microscopic disease extension and radiation delivery 
error. These reports typically show good long-term tumor control, but overall survival 
can be disappointing. For example, Milano et al. treated 121 patients with 5 or fewer 
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metastases in 10 fractions of 5 Gy; 41 % of patients had tumors in the lung. Overall 
survival was promising at the 2-year time point (50 %), but at 6 years, although local 
control was maintained at relatively high levels, overall survival fell to 20 % [ 61 ]. 
Similar outcomes have been reported frequently, with local control at 2–3 years rang-
ing from 70 to 100 % but overall survival generally being much lower, typically due 
to progression outside the treated region, [ 62 ,  63 ] for example, in a phase I/II study in 
which 48–60 Gy was delivered in 3 fractions, obtained local control of 96 % at 2 years 
whilst median survival was only 19 months [ 62 ]. We can conclude from this and other 
studies that the identifi cation of “oligometastatic” patients, who can benefi t from 
long-term disease control, requires additional investigation.  

8.6     Toxicity and Quality of Life 

8.6.1     Toxicity of Treatment of Peripheral Lesions 

 The diffi culty in distinguishing between treatment-related symptoms and the natu-
ral course of COPD may cause variation in the incidence of reported toxicity. The 
2-year overall late toxicity is reported in 2–10 % of patients [ 9 ,  10 ]. Onishi et al. 
treated 245 patients and reported pneumonitis grade 3 and 4 of 2.4 %, esophagitis 
grade 2 and 3 of 2 %, and rib fractures in 0.8 % [ 9 ]. Grade 1 pulmonary symptoms 
resolved in most patients with or without steroid therapy, but continuous oxygen 
supply was required in three patients who displayed poor respiratory function before 
irradiation. Chronic segmental bronchitis and wall thickening causing atelectasis on 
the peripheral lung were observed in one patient. Grade 3 or 4 dermatitis was 
observed in two patients with tumors adjacent to the chest wall. Verstegen et al. 
reported the outcome of 592 patients [ 45 ]. Severe (CTCAE v3) late toxicity was 
uncommon. A total of 18 patients (3 %) developed grade 3 radiation pneumonitis, 
10 patients showed rib fractures on follow-up scans (2 %), and three patients expe-
rienced grade 3 chest wall pain (1 %). Van der Voort et al. reported the results of 70 
patients and reported no grade 4 or 5 toxicity [ 10 ]. Acute grade 1–2 toxicity occurred 
in 32 patients, consisting mostly of fatigue, dyspnea, and cough. One patient had 
acute grade 3 toxicity, requiring morphine for severe thoracic pain. Late grade 3 
toxicity was observed in seven patients (10 %). Three patients had radiation pneu-
monitis treated with antibiotics and corticosteroids. Four patients had thoracic pain 
requiring morphine. They all had a tumor near the chest wall. A rib fracture was 
found in one of these patients. Although most authors report a low incidence of rib 
fractures, Nambu et al. reported that rib fractures were seen in 41 of the 177 patients 
(23 %) [ 64 ]. Rib fractures appeared at a mean of 21.2 months after the completion 
of SRT (range, 4–58 months). Chest wall edema, thinning of the cortex, and osteo-
sclerosis were fi ndings frequently associated with and tending to precede rib frac-
tures. No patients with rib fracture had tumors >16 mm from the adjacent chest 
wall. Chest wall pain was seen in 18 of 177 patients (10 %), of whom 14 patients 
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developed rib fracture. Bongers et al. found on multivariate analysis that patients 
with chest wall pain had larger treatment volumes and shorter tumor-chest wall 
distances, whereas patients with rib fractures had larger tumor diameters and treat-
ment volumes [ 65 ]. Grade 3 chest wall pain and rib fractures were associated with 
larger volumes of chest wall receiving doses of 30–50 Gy and rib fractures specifi -
cally with a higher maximum dose in the chest wall. Stephans et al. reported that on 
multivariate analysis of 134 patients, the tumor volume was no longer correlated 
with symptomatic chest wall toxicity and only V30 through V60 remained statisti-
cally signifi cant [ 53 ].  

8.6.2     Toxicity of Treatment of Central Lesions 

 The toxicity following treatment of central lesions is quite similar with the toxicity 
after the treatment of peripheral lesions. However, 5 publications did report death 
due to pulmonary complications and two due to esophageal complications. Two 
authors reported the death of one patient secondary to bronchial stenosis and sub-
sequent bleeding from the bronchus [ 24 ,  38 ]. In one patient, the dose to the tumor 
was 48 Gy in 4 fractions, and in the other patient the dose was not specifi ed (but 
was probably 60 Gy in 4 fractions, based on other details in the report). Milano 
et al. reported one death due to fatal hemoptysis after treatment of a mediastinal 
mass abutting the bronchus. The cumulative dose to the bronchus was 98 Gy [ 66 ]. 
Le et al. reported 2 deaths due to pulmonary complications [ 34 ]. Both patients 
were treated previously with radiotherapy to the chest. Fakiris et al. reported fi ve 
grade 5 toxicities, all possibly related to the stereotactic treatment of 22 patients 
and three of them due to pneumonia, one to hemoptysis, and one to respiratory 
failure [ 37 ]. Le et al. reported the death of one patient due to esophageal fi stula 
followed by a fatal hemoptysis from a tracheovascular fi stula [ 34 ]. Brachial 
plexopathy has been reported in two patients: one patient developed a brachial 
plexopathy that was managed medically; however, the dose to the plexus was not 
reported [ 51 ]. The other one developed brachial plexus neuropathy and partial arm 
paralysis after receiving a dose of 40 Gy (in 4 fractions) to a signifi cant volume of 
the plexus [ 52 ].  

8.6.3     Quality of Life 

 Two groups of authors studied patient quality of life after treatment. Van der Voort 
et al. reported the quality of life of 39 patients with pathologically confi rmed T1 to 
T2N0M0 NSCLC [ 59 ]. The European Organization for Research and Treatment of 
Cancer Quality of Life Questionnaire (EORTC QLQ) C30 and the QLQ LC13 lung 
cancer-specifi c questionnaire were used to investigate changes in quality of life. 
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Assessments were done before treatment, at 3 weeks, and at 2, 4, 6, 9, and 12 months 
after treatment, until death or progressive disease. Toxicity was evaluated using 
common terminology criteria for adverse events version 3.0. The  emotional func-
tioning improved signifi cantly after treatment. Other function scores and QLQ-C30 
and QLQ-LC13 lung symptoms (such as dyspnea and coughing) showed no signifi -
cant changes. Widder et al. investigated changes of health-related quality of life 
parameters after stereotactic radiotherapy (202 patients) and 3 D treatment (27 
patients) [ 67 ]. Two prospective cohorts of inoperable patients with T1–2N0M0 pri-
mary lung tumors were analyzed. Patients received 70 Gy in 35 fractions with 3D 
CRT or 60 Gy in three to eight fractions with stereotactic radiotherapy. The EORTC 
QLQ-C30 and the QLQ-LC13 lung cancer-specifi c questionnaire were also used. 
Global quality of Life and physical functioning were stable after stereotactic radio-
therapy (p = 0.21 and p = 0.62, respectively). Dyspnea increased after stereotactic 
radiotherapy by 3.2 out of 100 points (p < 0.01), which is clinically insignifi cant. At 
1 year, physical performance status decreased by an excess of 8.7 out of 100 points 
(p < 0.01) after 3D CRT compared with stereotactic radiotherapy.   

8.7     Conclusion 

 Stereotactic radiation can minimize lung toxicity in the treatment of early stage lung 
cancer. However, respiratory motion of the tumors may often lead to inclusion of 
surrounding normal lung in the target volume. In stereotactic radiotherapy, many 
different techniques have been developed to control for motion of tumors in the 
lung. The local control is excellent for peripheral tumors. The local control for cen-
tral tumors depends on the total dose administered. The reported overall survival 
varies but depends on the patient selection. The toxicity in the treatment of periph-
eral tumors is low. When treating central tumors, caution must be taken because the 
organs at risk are close and high toxicity has been reported by some authors.     
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    Chapter 9   
 Stereotactic Body Radiation Therapy to Liver 

             Andrew     M.     Gaya     

    Abstract     Stereotactic body radiotherapy (SBRT) to liver has an increasingly 
important role as a locally ablative therapy in the management of colorectal and 
other oligometastatic disease, in combination or as an alternative to other treatment 
modalities such as radiofrequency ablation, radioembolisation, irreversible electro-
poration (NanoKnife), chemoembolisation or surgery. In primary hepatocellular 
carcinoma SBRT can be used as an ablative therapy in its own right, but also impor-
tantly as a bridge to liver transplantation for select patient groups. It is increasingly 
being used in combination or when other liver directed therapies, like radio fre-
quency ablation or trans arterial chemoembolisation, have failed. In this chapter the 
evidence for SBRT in these indications is presented, and the complexities of radio-
therapy planning and management of patients is discussed.  

  Keywords     Stereotactic radiotherapy (SBRT)   •   Liver   •   Cyberknife   •   Liver metasta-
ses   •   Hepatocellular carcinoma (HCC)   •   SABR   •   Ablation  

9.1         Introduction and Literature Review 

 Primary malignancies of the liver include hepatocellular carcinoma (HCC), which 
is the third most common cause of cancer death in the world [ 1 ], and intra-hepatic 
cholangiocarcinoma (IHC). The liver is a common site for metastases, especially 
from carcinomas of the lung, breast and colon [ 2 ]. For up to 40 % of patients with 
metastatic colorectal cancer, the liver will be the only site of metastases. This is due 
to venous drainage from the colon and rectum via the portal vein, and its major 
vascular infl ow to the liver. Fifteen to twenty-fi ve per cent of patients will have liver 
metastases at the time of diagnosis (synchronous—worse prognosis), and a further 
50 % develop liver metastases during the course of their illness [ 3 ].  
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9.2     HCC/IHC 

 HCC is the third most common cancer in the world, responsible for over 19,000 deaths 
annually in the United States alone. HCC accounts for 90 % of primary liver cancers. The 
disease often presents in patients with advanced cirrhosis (chronic hepatitis B/C, chronic 
alcohol use, haemochromatosis etc.), and orthotopic liver transplant provides the greatest 
chance for both cure and long-term survival. Resection is also performed for more lim-
ited disease in patients with reasonable liver function. Results give variable 5-year sur-
vival rates from 30 to 82 %, but surgery is feasible in only 20–30 % of patients [ 1 ,  4 ,  5 ]. 
Liver function is important in treatment decision making. The best survival outcomes are 
for HCC fulfi lling the Milan transplant criteria (single HCC <5 cm or ≤3HCC <3 cm). 

 Surgical resection and percutaneous ablation can provide comparable rates of 
long-term overall survival, but pre-existing hepatic dysfunction and lesion size can 
signifi cantly limit both the use and effi cacy of these techniques [ 6 ]. 

 Non-surgical treatment options for HCC and IHC include Radiofrequency 
Ablation (RFA), Transarterial chemoembolisation (TACE), percutaneous ethanol 
injection (PEI), systemic chemotherapy, and radiotherapy. The small molecule tyro-
sine kinase inhibitors show promise for the treatment of HCC, but currently results 
appear disappointing for IHC. 

 Many HCC staging systems have been developed which incorporate the number 
and extent of tumors, and the degree of vascular involvement. The Barcelona Clinic 
Liver Cancer (BCLC) system is amongst the most widely used (Fig.  9.1 ) [ 7 ].

   RFA achieves excellent control rates of >90 % for HCC and IHC if lesions are less 
than 3–3.4 cm in diameter, but local recurrences are more common if tumours are 
adjacent to large vessels which exert a cooling effect, or are larger than 4 cm diameter 
[ 8 ,  9 ]. In addition tumours close to the biliary tract or near the diaphragm can be tech-
nically demanding to ablate, making the procedure highly operator dependent. 

 Palliative TACE offers only a modest gain in overall survival compared with best 
supportive care in advanced HCC and IHC, but can also be used as a bridge to trans-
plant in conjunction with other local ablative options [ 10 ,  11 ]. 

 Systemic chemotherapy with agents such as doxorubicin, cisplatin, gemcitabine, 
and oxaliplatin for HCC has disappointing response rates (5–20 %), and does not 
prolong survival [ 12 – 14 ]. Newer targeted agents such as Sorafenib (SHARP trial), 
Sunitinib and Erlotinib are showing promise [ 15 ,  16 ], but are unlikely to be associ-
ated with cure in the absence of local ablative therapies. A phase 3 trial comparing 
sorafenib with sunitinib was stopped early due to safety concerns over sunitinib [ 17 ]. 

 Systemic chemotherapy for IHC with Gemcitabine & Cisplatin has a response 
rate of 30 % [ 18 ]. Sorafenib had a response rate of 0 % in a SWOG study [ 19 ]. 
Studies of newer Tyrosine Kinase Inhibitors are ongoing. 

 Historically, the role of radiotherapy for liver tumours has been limited by the risk 
of radiation-induced liver disease (RILD). RILD is characterised by anicteric hepato-
megaly, ascites, and elevated alkaline phosphatase occurring within 3 months of liver 
irradiation [ 20 ]. Recently, however, advances in radiotherapy technique (including 
radiotherapy planning, motion management strategies, and image guidance) have 
made it possible for radiation to be delivered conformally to partial liver volumes. 
Dawson et al. analysed over 180 patients and demonstrated that the liver exhibits a 
large volume effect with a low volume threshold for RILD [ 21 ]. Emami et al. have 
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  Fig. 9.1    Barcelona Clinic Liver Cancer Staging System (From Klein et al. [ 7 ] based on Dawson 
[ 102 ]) This fi gure describes potential treatment options, and suggestions for the incorporation of 
radiotherapy treatment, and trials.  CLT  cadaver liver transplant,  LDLT  live donor liver transplant, 
 PST  performance status (ECOG),  RT  radiotherapy,  RF  radiofrequency ablation           
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shown that when two-thirds of the liver is irradiated, doses up to 35 Gy are permis-
sible and when only one-third is irradiated, permissible dose increases to 50 Gy [ 22 ]. 

 Awareness of this important dose-volume effect, in conjunction with advances in 
radiotherapy technique, has allowed the development of SBRT techniques for 
hepatic malignancy. 

 Radiation therapy has a particularly important role for HCC unsuitable for, or 
resistant to other locoregional liver directed therapies. Radiotherapy does not fea-
ture in many consensus guidelines or documents largely due to a relative lack of 
Level 1 randomised trial data. However it is also clear that non radiation oncologists 
currently have a poor understanding of the potential of this rapidly advancing fi eld. 

 SBRT is a form of high-precision radiotherapy characterised by: reproducible immo-
bilisation; measures to account for tumour motion during treatment planning and deliv-
ery; dose distributions tightly covering the tumour, with rapid dose fall off in surrounding 
normal tissues; and most importantly, the use of relatively few, high dose fractions of 
radiation (extreme hypofractionation), usually delivered in 1–8 treatments [ 23 ]. 

9.2.1     Summary of Evidence for SBRT in Inoperable HCC 

 The evidence for SBRT for HCC is largely confi ned to retrospective series, and 
prospective phase 1 trials (Table  9.1 ). SBRT has comparable effi cacy with other 
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local therapies and should be considered for early stage HCC unsuitable or refrac-
tory to, other liver directed therapies. Use of SBRT to slow progression of HCC 
whilst awaiting transplantation is growing in popularity although generally has been 
investigated in patients not suitable or refractory to, other bridging therapies [ 38 , 
 43 ]. Pathological complete responses seen after SBRT bridging to transplant dem-
onstrate that SBRT is an effective treatment however Level 1 evidence is urgently 
required. SBRT can also be considered for Child Pugh B patients unsuitable for 
standard locoregional therapy, however the risk of radiation induced liver disease 
(RILD) is higher.

9.3         Liver Metastases 

 The annual incidence of colorectal cancer (CRC) in the US is over 150,000 cases. 
There are over 50,000 annual deaths. Approximately 80 % of patients with stage IV 
CRC have liver disease considered unresectable at presentation [ 44 ]. 

 Autopsy studies show that 40 % of colorectal cancer patients relapse with liver 
only metastases [ 45 – 47 ]. Oligometastatic liver disease (that is up to 5 metastases) 
may be amenable to aggressive local therapy with the potential for long term disease 
control [ 48 ,  49 ], or even cure [ 50 ,  51 ]. The evidence to support the local ablation of 
oligometastases is largely single institution retrospective case series, and some 
small prospective phase 2 trials. There are currently no prospective trials comparing 
aggressive local therapy with best supportive care. 

 Surgery has been the gold standard treatment for colorectal liver metastases, with 
retrospective series reporting 5 year survivals of 25–47 %, [ 50 – 54 ]. However, up to 
80 % of patients are not suitable for resection due to the location, size and distribu-
tion of metastases, or poor patient performance status, or signifi cant medical co- 
morbidities. Chemotherapy can downstage inoperable to operable disease in only 
around 10–20 % of cases [ 55 ]. Newer chemotherapy combinations such as 
FOLFOXIRI, or FOLFOX/FOLFIRI in combination with the biological agents 
Bevacizumab or Cetuximab can downstage a signifi cantly higher proportion, but at 
the cost of considerable toxicity. Response rates can be as high as 70 % with triplet 
combinations. These chemotherapy combinations have also extended median sur-
vival in metastatic CRC to 24 months [ 56 ]. 

 Thermal destruction by radiofrequency ablation (RFA) or microwave for CRC 
liver metastases gives 3 year survival rates of 30–46 % [ 57 – 60 ]. There are data to 
suggest that local control of CRC liver metastases is related to survival—Aloia et 
report a sevenfold increase in the risk of local failure and a threefold increase in the 
risk of death, in patients treated with RFA rather than surgical resection, despite 
similar rates of distant intrahepatic and extrahepatic failure in both groups [ 61 ]. 
Chang et al. report also a strong correlation between local control and survival in 
patients treated with SBRT for liver metastases [ 62 ]. 

 Surgical data for resection of non-CRC liver metastases are more limited. 
However, a large (n = 1,452) retrospective, multi-institutional series has reported 
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a 5 year survival of 36 % and 10 year survival of 23 % for carefully selected non- 
CRC, with metastases from breast cancer having the best and melanoma and 
squamous cell cancers the poorest survival [ 63 ]. There are some reports of non-
CRC having better local control and survival than CRC when treated with SBRT 
[ 64 ,  65 ]. 

9.3.1     Evidence Supporting SBRT to Liver Metastases 

 Currently, the evidence for SBRT for liver metastases is predominantly retrospec-
tive case series (Table  9.2 ), with some prospective phase 1 and 2 trials (Table  9.3 ). 
Within the studies there is signifi cant heterogeneity in patient selection, size and 
number of lesions treated, dose-fractionation, prescription points and dosimetric 
criteria.

    Patients were often heavily pre-treated with chemotherapy, surgery, or other 
local ablative therapies [ 70 ,  75 ]. SBRT has historically been used when the liver 
metastases were no longer amenable to other treatments (i.e. last resort, until 
recently). 

 Local control rates are 70–100 % at 1 year, and 60–90 % at 2 years [ 2 ] Several 
factors predicting local control (LC) may be identifi ed, which may help in patient 
selection for treatment. The most consistently observed correlation with local con-
trol is baseline tumour volume [ 81 – 85 ]. Rusthoven et al. report a superior LC rate 
for tumours less than 3 cm (100 % vs 77 % at 2 years, p = 0.015) [ 76 ]. Number of 
tumours <3 and size <6 cm predicts for better outcome. Also, delivered BED 
>117 Gy 10  is associated with improved local control at 1 year [ 62 ]. Metachronous 
CRC liver metastases has a better prognosis than synchronous [ 75 ] Median overall 
survival is 10–34 months, and 2 year survival ranges from 30 to 83 % [ 2 ]. For CRC 
specifi cally, Hoyer et al. report a median survival of 1.6 years from SBRT [ 75 ]. Out-
of- fi eld progression of disease occurs in a substantial proportion of patients, 
although this is also reported after hepatic resection [ 48 ]. 

 There are a number of predictors of overall survival, and long term survival is 
seen after treatment. Factors associated with increased survival are:

•    The absence of extra-hepatic disease (35.8 months vs 11.3 months [ 64 ,  75 ]).  
•   Primary histology. Favourable primary histology includes breast, CRC, renal, 

carcinoid and GIST. Unfavourable primary sites include lung, ovary and non- 
CRC gastro-intestinal. Rusthoven et al. report median survival for favourable 
primary sites as 32 months vs 12 months for unfavourable primaries (p < 0.001) 
[ 76 ]. Lee et al. report superior 1 year survival for CRC (63 %) and breast cancers 
(79 %) compared to other primary sites (38 %) [ 65 ].  

•   Tumours <3 cm diameter are associated with improved overall survival [ 65 ,  70 ].    

 Liver SBRT is very well tolerated, both in terms of acute and late toxicity, and 
may be used safely after other liver directed therapy (surgery or RFA). The means 
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by which liver SBRT has been delivered in published series is variable, but with 
generally good outcomes. No particular SBRT technique has superior outcomes in 
terms of tumor control or toxicity.

Patient Selection Criteria

•    For HCC, enhancement typically in the arterial phase on two imaging modalities 
and α-fetoprotein (AFP) increased on a background of liver disease  

•   Biopsy-confi rmed IHC  
•   Unresectable tumour or inappropriate for other treatment modalities, or as a 

bridge to transplant for HCC  
•   Patients should be discussed in Multi-Disciplinary Tumour Board meetings  
•   Karnofsky Performance Status (KPS) ≥60  
•   Life expectancy >3 months  
•   Child-Pugh score: A, or B7/8 (Table  9.4 )
•      >700 cc of uninvolved liver  
•   No chemotherapy within 2 weeks prior, and 4 weeks after, SABR  
•   No, or limited and potentially treatable, extra-hepatic disease.  
•   Recovered from any previous therapy (such as surgery, chemotherapy or 

radiotherapy to other areas) with a minimum of 2 weeks break (for HCC, 
anthracycline based chemotherapy should be completed 4 weeks before 
SBRT)  

•   Up to three metastases, with no limitation on actual size of a given tumour pro-
vided functional residual volume, and organ at risk (OAR) dose constraints can 
be met  

•   Adequate organ function, defi ned as: Hemoglobin 90 g/L, absolute neutrophil 
count 1.5, platelets 80, bilirubin <3.0 times upper limit of normal, INR <1.3 or 
correctable with vitamin K and unless the patient is taking warfarin/coumarin, 
AST or ALT <5.0 times upper limit of normal. Creatinine less than 200 umol/L 
(if creatinine is above the normal range consideration should be given to dynamic 
renal scintigraphy (renography)) if there is anticipated to be any appreciable 
renal dose from the delivery of treatment.     

   Table 9.4    Child-Pugh liver score               

 Measure  1 point  2 points  3 points 

 Total bilirubin (μmol/l) (mg/dl)  <34 (<2)  34–50 (2–3)  >50 (>3) 
 Serum albumin (g/l)  >35  28–35  <28 
 INR  <1.7  1.71–2.20  <2.20 
 Ascites  None  Mild  Severe 
 Hepatic encephalopathy  None  Grade 1–2 (or suppressed 

with medication) 
 Grade 3 or 4 

 Points  Class  One year survival (%)  Two year survival (%) 

 5–6  A  100  85 
 7–9  B  81  57 
 10–15  C  45  35 

9 Stereotactic Body Radiation Therapy to Liver
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9.3.2     Exclusion Criteria 

•     Active hepatitis or clinically signifi cant liver failure (encephalopathy, portal 
hypertension, varices)  

•   Clinically apparent ascites  
•   Prior radiotherapy to the right upper abdomen (unless 700 cc normal unirradiated 

liver <17 Gy)  
•   If patient is for fi ducial placement: Gold allergy, Coagulopathy preventing safe 

fi ducial placement  
•   Any previous radiotherapy where the mean dose to the liver was 15 Gy (conven-

tional fractionation), or where beams would be likely to overlap with those used 
to deliver SBRT, or where previous doses to other critical normal structures 
would make re-irradiation unsafe.  

•   Any other severe comorbidity such as unstable angina, congestive cardiac failure 
or transmural MI requiring hospitalisation in the preceding 6 months, or acute 
bacterial/fungal infection requiring intravenous antibiotics  

•   CNS metastases     

9.3.3     Patient Assessment 

•     Clinical assessment. Assess general performance status, and for signs of hepatic 
decompensation.  

•   Baseline blood profi le. Complete blood count, coagulation screen, renal func-
tion, liver function, calcium, αFP (HCC), CEA (colorectal mets)  

•   Diagnostic Imaging.

 –    Liver MRI, ideally with liver specifi c contrast agent to aid tumour defi nition 
and delineation  

 –   Contrast-enhanced CT—ideally triple phase  
 –   PET may be useful if MRI not available or further clarifi cation required on 

defi ning treatment target volume.  
 –   DMSA or MAG3 scan to assess differential renal function may be required if 

the kidney(s) are close to the target volume.         

9.4     Planning for Radiotherapy 

 See Table  9.5  for a comparison between various SBRT delivery systems.

A.M. Gaya
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9.4.1       Fiducial Placement 

 Patients receiving SBRT with the CyberKnife system (Accuray, Sunnyvale, CA, 
USA) will require the insertion of gold fi ducial markers to guide treatment. Fiducial 
placement is usually performed under CT or ultrasound (percutaneous) guidance. 
Appropriate spacing of multiple fi ducials is important if the Cyberknife system is to 
accurately track rotational setup errors [ 86 ].

•    Ideally, 4–6 fi ducials are placed in or in close proximity to the tumour  
•   Minimum of 2 cm spacing between fi ducials  
•   Fiducials should be placed as close as possible to target lesion, and no further 

than 5 cm from the target.  
•   There must be at least a 15 0  angle between any grouping of 3 fi ducials i.e. they 

must be non collinear  
•   Approved fi ducial type  
•   Allow suffi cient time between fi ducial insertion and Planning CT—normally 7 days    

 A minimum of three fi ducials is required to track rotations at the time of treat-
ment delivery. 

 The reasons for siting fi ducials as close as possible to the target lesion (and no 
more than 5 cm from target) are twofold. First, the closer the distance between fi du-
cial and tumour target, the greater the probability that the fi ducial will move in the 
same plane as target. Second, it is important that all fi ducials can be captured on the 
live image fi eld of view (FOV), which measures 20 × 20 cm. 

 It is important that fi ducials are non-collinear in order that the treatment system 
can image and interpret individual fi ducial position accurately on the kV live images 
at the time of treatment. 

 Despite optimum fi ducial insertion technique, there is potential for fi ducial 
migration, post-insertion, and for haemorrhage or oedema at the fi ducial site. It is 
important, therefore, to allow suffi cient time between fi ducial placement and plan-
ning scans. One week is generally considered to be reasonable. The fi ducial track-
ing procedure assumes that the geometry in the planning CT scan (which establishes 
the relative position of the fi ducials to the target), is precisely reproduced on the 
day(s) of treatment i.e. there is Rigid Body Geometry [ 87 ].  

9.4.2     Pre-treatment 

9.4.2.1     Patient Positioning 

 Reproducible repositioning is essential for delivering SBRT accurately—use of 
body immobilisation devices, such as stereotactic frames or individualised vacuum 
moulds have been utilised in most published studies. Patients can be scanned with 
arms above the head (can be uncomfortable with long delivery time), or arms by 
side, and every effort should be made to optimise comfort and thus reduce the 
potential for intra-fraction motion.  
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9.4.2.2     Pre-treatment Imaging 

 Contrast-enhanced CT underestimates tumour volume in colorectal metastases [ 81 ] 
and other primary sites (ideal would be a dynamic contrast CT in end expiratory breath 
hold, capturing the portal venous phase of contrast enhancement) [ 88 ]. MRI provides 
higher contrast ratios and allows superior lesion detection and characterisation [ 89 ]. 

 Use of MRI (plain T1W or T2W sequences) fused with CT to delineate tumour 
increases accuracy of defi nition, but also increases the volume of CTV [ 81 ,  88 ]. 
FDG-PET has also been shown to increase the CTV volume when merged with CT, 
and also MRI, in treating colorectal liver metastases [ 90 ]. PET is particularly useful 
in target delineation in previously treated liver tumors, where it is able to more 
accurately distinguish active tumor from fi brosis [ 82 ]. Radiologist assistance in out-
lining targets and organs at risk is strongly encouraged.   

9.4.3     Tumour Motion 

 A major challenge in SBRT for liver tumors is the management of intra fraction 
motion, which can potentially result in a geographical miss of the PTV, and hence 
reduced local control, as well as excess dose to nearby organs at risk. The amplitude 
of respiratory motion may be assessed by kV fl uoroscopy [ 83 ], 4D-CT or cine-MRI 
[ 91 ]. The data indicates that whilst the amplitude of breathing may be signifi cant, 
the variability of respiratory amplitude is small [ 92 ]. 

 There are several possible means of controlling for respiratory motion: 

9.4.3.1     Restrict Respiratory Motion 

   Abdominal Compression 

 Abdominal compression reduces liver motion, resulting in far smaller superior- 
inferior movement (less than 10 mm and in many cases less than 5 mm) that are 
reproducible between cycles [ 93 ]. It is the most commonly used means of respira-
tory motion control in published series. AC also reduces inter- and intra-fractional 
changes in liver position relative to bony anatomy [ 83 ].  

   Active Breathing Control (ABC) 

 This technique is a means of active respiratory gating and in effect produces a forced 
breath hold during radiation delivery. A disadvantage is that it requires a breath- 
hold of 20–35 s, and the experience of some centres has shown that 30–50 % of 
patients are unable to manage this technique adequately [ 85 ]. However, set-up 
errors can be reduced to less than 5 mm (cranio-caudal) using ABC with image 
guidance [ 84 ,  94 ].  
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   Passive Respiratory Gating 

 This technique allows patients to free breathe, and delivers the radiation dose to 
target during a predefi ned phase of the respiratory cycle, when the target will lie 
within the treatment beam. Most commonly, end expiration is used. It has the advan-
tage of being better tolerated, but requires additional hardware and software. 
However, its use has been shown to allow signifi cant margin reduction and escala-
tion of tumour dose for the same level of normal tissue toxicity [ 85 ]. Reproducibility 
can be problematic with breath-holding approaches in some patients. Gating 
requires the user to set the percentage of session time during which the beam is 
turned on, i.e. the gating window. Setting a larger ‘gating window’ allows the frac-
tion to be delivered faster; however, it leads to an increase in the volume of normal 
tissue irradiated. In practice, gating windows of 25–40 % are common.   

9.4.3.2     Tracking and Compensating for Tumor Motion 

 Real time tracking of implanted fi ducial markers is extremely accurate, but has the 
disadvantage of being invasive [ 87 ,  95 ]. This approach (on the Cyberknife system) 
adjusts for changes in tumor motion in real time, throughout treatment, whilst the 
patient breathes normally without any restriction. Motion tracking is driven by the 
correlation between the location of the fi ducials, as detected by orthogonal X-Ray 
fi lms, and the location of external LED markers on the patient’s chest. The predic-
tive correlation algorithm is constructed just after patient set up and is continually 
updated throughout treatment each time new x-rays are obtained (every 30–90 s).  

9.4.3.3     Planning with No Respiratory Tracking or Restriction 

 A further means of managing respiratory motion is to plan radiotherapy simply 
allowing for the motion within margins. This may be appropriate if other means of 
motion management can not be applied or the tumour moves less than 5 mm. A 4D 
CT data set can be acquired allowing the creation of an internal target volume (ITV) 
with relative certainty of tumour respiratory motion.   

9.4.4     Delineation and Treatment Planning 

9.4.4.1     Treatment Planning 

   Patient Postioning and Immobilisation 

 The most appropriate supine immobilisation depends partly on the SBRT delivery 
system being utilised. Also consider the image guidance system (i.e. real-time 
tracking vs. Cone-beam CT pre-treatment). 
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 Immobilisation for SBRT treatment to the liver is often achieved with the use of 
a vacuum-formed personalised immobilisation device. A treatment position must be 
chosen that the patient can comfortably maintain. Consideration should also be given 
to arm position to allow the optimum range of beam angles. Patients’ arms should be 
by their side, with hands tucked posteriorly behind the body, and shoulders as poste-
rior and inferior as possible. The Vacbag is then applied so that it encompasses the 
shoulders and arms, and wraps as far around the body as possible. As an alternative, 
patients may have their arms above the head on a chest board as long as this position 
can be maintained in a stable way for the duration of treatment. Knee and ankle sup-
ports are used as needed. Patients are generally scanned in the supine position. 

 Linac-based SBRT systems will allow treatment beams to pass through the 
couch. In contrast, the CyberKnife system does not allow beams to enter through 
the treatment couch. A comparison of the features of the commercially available 
SBRT systems can be seen in Table  9.5 .  

   Planning Scans 

 All SBRT systems utilise a non-contrast CT scan as their primary scan, so a non- 
contrast CT with the patient positioned and immobilised as described above will 
always be required. This CT should be obtained at end expiration breathold with 
1–2 mm slices for DRR reconstruction. Typical scan levels would be 20 cm above 
and below the liver. Patients would normally be asked to fast for 2 hours prior to 
their CT. Contrast protocols may vary according to Center, but a typical protocol 
would be 100 ml administered via peripheral cannula at 3 ml/s. Scan after a 30–35 s 
delay for arterial phase, 45–60s for venous. 

   MRI 

 MRI should ideally be performed on the same day as the CT with the patient immo-
bilised in the treatment position. Liver-specifi c Contrast can be used to highlight 
tumour position. Close liaison with Radiologists is recommended to select the most 
appropriate MRI sequence to show the target. Consideration should also be given to 
any fi ducials used as to the sequence that will show the markers optimally, as fusion 
of scans by fi ducial position is often performed.   

   Volume Defi nition 

 Gross tumour volume (GTV) is outlined on the images that best display the tumor 
target. This will often be the MRI or contrast CT. GTV should always be reviewed 
on the Primary (Non-contrast) CT scan. 

 The Clinical target volume (CTV) is sometimes defi ned on the basis of the GTV 
expanded by 3–5 mm. Many studies add no margin between GTV and CTV. 

 The Planning Target Volume (PTV) is defi ned as the CTV with an expansion to 
account for internal organ motion and daily set up process. Margins will therefore 
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depend on the Immobilisation being used, and whether the SBRT system is capable 
of motion tracking (see Table  9.1 ). Typically, much smaller margins (1.5–3 mm) can 
be used on SBRT devices that track respiratory motion. 

 If no Breathing control/Tracking methods are employed, the CTV is often 
expanded 5 mm radially, and 10 mm in cranio-caudal direction. If 4D CT is used 
CTV-PTV margins may be reduced to 3–5 mm.   

9.4.4.2     Organs at Risk (OAR) 

 Any organ that is traversed by part or all of a beam should be contoured so that the 
dose it receives can be assessed. Organs should be outlined by the treating oncolo-
gist. The whole liver should be contoured, and for dose calculation this volume 
minus PTV is used. Cord should be outlined using the bony limits of the spinal 
canal, including that section of the spinal cord 2 cm above and below the extent of 
the PTV. 

 Table  9.6  indicates suggested constraints for use in planning SBRT liver patients 
in single, 3 or 5 fraction regimes. These are not absolute and values do vary between 

    Table 9.6    SBRT liver suggested constraints   

 OAR 
 Single fraction 
constraints 

 Three fraction 
constraints 

 Five fraction 
constraints 

 Dose limiting 
toxicity 

 Liver  700 cc <9 Gy  700 cc <17 Gy  700 cc <21 Gy  RILD 
 V15 <50 % 
 V21 <30 % 

 Spinal cord  V10 <0.35 cc  V18 <0.35 cc  V23 <0.35 cc  Myelopathy 
 V7 <1.2 cc  V12 <1.2 cc  V14.5 <1.2 cc 
 14 Gy point dose  22 Gy point dose  30 Gy point dose 

 Esophagus  V12 <5 cc  V18 <5 cc  V20 <5 cc  Stenosis/fi stula/
perforation  15 Gy point dose  25 Gy point dose  35 Gy point dose 

 Heart/
pericardium 

 V16 <15 cc  V24 <15 cc  V32 <15 cc  Pericarditis 
 22 Gy point dose  30 Gy point dose  38 Gy point dose 

 Rib  V22 <1 cc  V29 <1 cc  V35 <1 cc  Chronic pain or 
fracture  30 Gy point dose  37 Gy point dose  43 Gy point dose 

 Skin  V23 <10 cc  V30 <10 cc  V37 <10 cc  Chronic ulceration 
 26 Gy point dose  33 Gy point dose  39.5 Gy point dose 

 Stomach  V11 <10 cc  V16.5 <10 cc  V18 <10 cc  Chronic ulcer/fi stula/
perforation  12 Gy point dose  22 Gy point dose  32 Gy point dose 

 Duodenum  V11 <5 cc  V16.5 <5 cc  V18 <5 cc  Chronic ulcer/fi stula/
perforation  V9 <10 cc  V11.5 <10 cc  V12.5 <10 cc 

 12 Gy point dose  22 Gy point dose  32 Gy point dose 
 Jejunum/
ileum 

 V12 <5 cc  V18 <5 cc  V19.5 <5 cc  Enteritis/obstruction/
perforation  15 Gy point dose  25 Gy point dose  35 Gy point dose 

(continued)
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published studies. These have been adapted from AAPM Task Group 101 [ 96 ] and 
adapted with use of other published liver SBRT studies.

9.4.4.3        Treatment Planning 

 Increasing beam number improves the conformality of dose to the target and the 
dose gradient. However, increasing the number of beams also increases the integral 
dose of normal tissue treated, the theoretical risk of toxicity, as well as increasing 
treatment time. Liu et al. have shown that in treating liver and lung lesions with 
SABR, the dose gradient is improved as the number of beams increases from 5 to 
15, for both coplanar and non-coplanar treatments, and that the normal tissue com-
plication probability (NTCP) decreases from 5 to 9 beams, but does not increase 
signifi cantly when more than 9 beams are used, irrespective of the size of the target. 
They conclude that the optimal number of beams is 9 [ 97 ]. Published studies have 
used up to 10 beams in generating plans, but use of 6–8 beams is most common. 
Increasingly, however, VMAT (volumetric modulated arc therapy) is used. See 
Fig.  9.2  for illustration. Figure  9.3  illustrates a plan where OAR constraints could 
not be met.

9.5           Fractionation 

 To date, there are no randomised, controlled trials comparing dose-fractionation 
regimens for SBRT in liver metastases. A large number of different fractionation 
regimens have been employed. There is clear evidence of a dose response relation-
ship, and a BED >100 Gy 10  equivalent appears important for tumour control. 

 Two year local control rates of 90 % are achievable for lesions receiving 
54–60 Gy in 3 fractions, compared to 59 % (36–53.9 Gy/3 fractions), and 8.1 % 
(less than 36 Gy) [ 98 ]. 

 OAR 
 Single fraction 
constraints 

 Three fraction 
constraints 

 Five fraction 
constraints 

 Dose limiting 
toxicity 

 Colon/
rectum 

 V14 <20 cc  V24 <20 cc  V25 <20 cc  Colitis/fi stula/
perforation  18 Gy point dose  28 Gy point dose  38 Gy point dose 

 Renal 
hilum/
vascular 
trunk 

 10.6 Gy to 67 %  18.6 Gy to 67 %  23 Gy to 67 %  Malignant 
hypertension 

 Kidney  200 cc <8.5 Gy  200 cc <16 Gy  200 cc <17.5 Gy  Renal dysfunction 
 Lung (R & 
L) 

 1,500 cc <7 Gy  1,500 cc 
<11.5 Gy 

 1,500 cc <12.5 Gy  Pneumonitis 

  Note—Point dose <0.035 cc  

Table 9.6 (continued)
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a

  Fig. 9.2    ( a ) Solitary 9 cm hilar liver metastasis spanning multiple segments, and inoperable. 
Target volume delineated in  purple , and covered by 70 % isodose line ( orange ). Note steep dose 
gradient away from target. Patient received 45 Gy in 3 fractions over 3 days. Total dose was 
reduced from 54 Gy in order to meet liver constraints. Planned using accuray multiplan. ( b ) Axial, 
sagittal and coronal plane visualisations of target volume. ( c ) Illustration showing position of fi du-
cial markers at set up—Note the tumour target surrounded by three implanted fi ducials. ( d ) Axial 
CT slice pre treatment, showing hypodense hilar metastasis. ( e ) Seven months post SABR, note 
change in density of target volume—PET scan confi rmed no evidence of FDG uptake at this time. 
( f ) Four-year followup CT scan. ( g ) Four-year followup CT scan       
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c

b

Fig. 9.2 (continued)
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f g

d e

Fig. 9.2 (continued)

9.5.1     Suggested Fractionation Schemes 

•     18–30 Gy in a single fraction  
•   45–60 Gy in 3 fractions over 3–10 days  
•   50 –60 Gy in 5 fractions over 5–12 days  
•   60 Gy in 8 fractions over 10 days  
•   50–60 Gy in 10 fractions over 12 days    

 A tolerance based dose prescription using the normal tissue complication prob-
ability (NTCP) model is another approach, and is commonly used in Canadian cen-
tres (Lock M, personal communication, 2013). 

 The dose would conventionally be prescribed at the 70–80 % isodose. If OAR 
constraints are not met, then the 95 % isodose can be relaxed or total dose can be 
reduced according to clinical discretion. The target coverage goal is that a minimum 
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a

  Fig. 9.3    ( a ) Axial, sagittal and coronal sections illustrating diffi culty of planning SABR to 
patients with previous hepatic resection. This patient had undergone a left hepatectomy 12 months 
prior to SABR. The combined size and location of these metastases within the central portion of 
the remaining right lobe meant that an acceptable treatment plan could not be achieved that would 
deliver a meaningful potentially ablative dose. Further chemotherapy was necessary. ( b ) Dosimetric 
analysis confi rmed that the dose required (45 Gy in 3 fractions) could not be achieved in this case 
within acceptable liver constraints—see box,  bottom right . The patient was referred back to medi-
cal oncologists for further chemotherapy       

of 95 % prescribed dose will cover 99 % of the PTV. Any hot spots should be within 
PTV, no greater than 1 cc, and the maximum dose should be <120 %. GTV should 
be covered by the 100 % of the prescribed dose.  

9.5.2     Minimum Standard for Reporting 

•     Prescription dose  
•   Prescription ICRU reference point or dose/volume e.g.% isodose covering PTV  
•   Number of treatment fractions  
•   Total treatment delivery period  
•   Target coverage  
•   Plan conformity, e.g. Ratio of prescription isodose volume to PTV or a confor-

mity index  
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•   Dose fall off outside the target e.g. ratio of the volume of the 50 % isodose curve 
to PTV  

•   Heterogeneity index e.g. the ratio of highest dose received by 5 % of PTV to 
lowest dose received by 95 % of PTV  

•   Notable areas of high or low dose outside of the PTV  
•   Dose to organs at risk—dose to 1 and 5 % volumes and mean doses.      

9.6     Treatment Delivery and Clinical Follow-Up 

 Daily Image-guidance is mandatory in delivering liver SBRT safely, in order to 
reduce interfraction variability. Cone beam kV-CT (CBCT) is superior to most other 
means of achieving this. The Cyberknife system also enables on line intrafraction 
variability correction using the Synchrony real time tracking system. The ideal is 
matching to the soft tissues of the liver, but matching to vertebral bodies is a com-
monly used surrogate, although it is recognised that the liver can move between 
fractions relative to the vertebrae. Fiducials provide a useful alternative in matching, 
and are mandatory for the Cyberknife system. Errors of 3 mm or more should be 
corrected. When using CBCT, a post- treatment scan is advised as well, to assess 
intra-fraction variation.  

b

Fig. 9.3 (continued)
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9.7     Treatment Assessment and Follow-Up 

9.7.1     Acute Toxicity 

 Overall, rates of G1–2 toxicity are reported to range from 0 to 27 % and grade 3–4 
toxicities are observed in around 5 % [ 69 ] The rate of morbidity for liver radio-
therapy is reported to be independent of dose-fractionation schedule [ 99 ], and the 
toxicity rates are consistently low despite the heterogeneity of dose/fractionation 
schedules, and delivery systems. The likely explanation is the limited dose delivered 
to uninvolved liver and the parallel functioning of liver parenchyma. The most com-
monly reported toxicities are fatigue, right upper quadrant pain, low grade pyrexia, 
transaminase rise (normally settles by 3 months post treatment), nausea, and loss of 
appetite. 

 A syndrome of minor pain, fever and chills is observed in some patients—Grade 
1 (requiring no treatment) in 14 %, and grade 2 (requiring treatment with analge-
sics/steroids) in 13 %, usually occurring within 1–3 weeks of treatment [ 64 ,  66 ,  68 ]. 
Rates of gastric ulceration and esophagitis are low (G2 7 %, G3 in 3 %) and most 
centres advise the use of prophylactic proton-pump inhibitors [ 65 ]. The rates of 
RILD are notably very low in all published series. Child Pugh B and Hepatitis B 
carriage are associated with greater risk of RILD [ 26 ]. 

 Rates of transaminase derangement are also low. For example, Grade 1/2 elevation 
of liver function tests were observed in 28 % patients treated with 30–55 Gy (median 
48 Gy) by Katz et al. [ 69 ] and transient elevation of liver enzymes described as mild-
moderate is noted in 31–36 % of patients receiving 25–60 Gy in 3 fractions [ 77 ]. 

 Several studies have reported the use of liver SBRT in patients who have previ-
ously undergone surgical resection and/or RFA, and reported low levels of toxicity, 
suggesting SBRT is safe to use in this context [ 70 ,  75 ].  

9.7.2     Late Toxicity 

 Only one study to date has reasonable follow up of 4.3 years [ 75 ]. Most others have 
follow up of around 16–18 months and, therefore, the extent of late radiation effects 
may be underestimated. However, the rates of high grade toxicity (G3 or worse) are 
generally reported as being extremely low at around 2–5 % [ 76 ,  78 ]. Late gastrointes-
tinal toxicity (grade 2 or less—ulceration/bleeding) is reported in 8 % patients, and is 
far less likely in peripheral liver targets [ 78 ]. Other late effects include rib fractures. 

 In the early work of Blomgren et al. [ 24 ,  66 ] one patient experienced hemor-
rhagic gastritis following irradiation of less than one third of the stomach to more 
than 7 Gy during each of two treatment sessions, and another patient developed a 
duodenal ulcer after part of the distal stomach and proximal duodenum received 
5 Gy in each of 4 fractions. Hoyer et al. [ 75 ] also observed colonic ulceration and 
duodenal ulceration when part of the intestine received more than 30 Gy. These 
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experiences have partially guided the tolerances suggested in Table  9.6 , and illus-
trate the need for careful treatment planning and delivery.  

9.7.3     Assessment of Response 

 Following SBRT, a local infl ammatory and microvascular reaction develops in the 
liver which can sometimes be diffi cult to differentiate from residual disease [ 2 ]. 
Biphasic CT is reported to differentiate focal radiotherapy fi brotic reaction from 
active disease [ 100 ]. Distinct patterns of enhancement, shrinkage of hypodense 
areas, and displacement of vessels are indicative of local response [ 101 ]. Some 
reports suggest MRI may be superior in differentiating residual disease from normal 
tissue reaction [ 26 ]. CT-PET imaging a minimum of 3 months post SBRT can be 
useful in confi rming response to treatment.  

9.7.4     Follow-Up 

 The purpose of follow up is to detect any signs of further disease progression, and 
to accurately document toxicity. A suggested follow up schedule would be clinical 
review at 4–6 weeks post SBRT with a restaging CT, then 3 monthly to 2 years and 
6 monthly thereafter. Follow up should include CT and/or MRI assessment (espe-
cially if there is the potential of further treatment), blood profi le and clinical 
review.      
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    Chapter 10   
 Stereotactic Body Radiotherapy (SBRT) 
for Pancreatic Cancer 

             Anand     Mahadevan       and     Andrew     M.     Gaya     

    Abstract     Pancreatic cancer is the tenth most common cancer and is the fourth lead-
ing cause of cancer mortality. While surgery remains the current potentially curative 
treatment of choice, few cancers are resectable at presentation. Chemotherapy and 
radiation play a vital role in locally advanced non-metastatic pancreatic cancer. 
Systemic therapy is vital in these patients and often, when they remain non-meta-
static after induction therapy radiation improves local control. Conventional chemo-
radiation is delivered in 5–6 weeks. Stereotactic body radiotherapy (SBRT) has 
been used in patients with locally advanced pancreas cancer, in fewer treatments, 
without signifi cantly affecting systemic therapy, thereby maximizing systemic and 
local control. SBRT has also been used to boost positive margins, local recurrences 
after prior radiation, and in oligometastatic pancreatic cancer.  

  Keywords     Locally advanced pancreatic cancer   •   Induction chemotherapy   • 
  Gemcitabine  

10.1         Introduction 

 With an estimated 45,220 new cases, resulting in 38,460 deaths, in the United States 
in 2013, pancreatic cancer is the fourth-leading cause of cancer-related deaths [ 1 ]. 
Despite many new treatment approaches, pancreatic cancer survival has not improved 
in the past 25 years [ 2 ]. Surgical resection remains the only treatment approach with 
the potential for providing long-term survival for patients without metastatic disease 
at presentation, but between 40 and 50 % of patients have locally advanced 
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inoperable cancer at presentation or at surgical exploration [ 3 ]. The 5-year overall 
survival rate for patients with inoperable pancreatic cancer is less than 5 % [ 4 – 6 ]. 

 Radiation therapy and chemotherapy, used either alone or in combination, are the 
only treatment options available for patients with locally advanced unresectable dis-
ease [ 6 ,  7 ]. However these treatments only marginally improve the median survival 
time to between 8 and 14 months [ 8 – 15 ]. Conventional radiation therapy requires 
approximately 6 weeks of daily treatments, which thus may take a signifi cant fraction 
of the patient’s limited life expectancy. In addition, side effects from radiation therapy 
can be substantial. Studies using chemotherapy alone have suggested outcomes 
equivalent to those of chemoradiation, raising further doubts about the value of a long 
course of conventional radiation therapy given the additional toxicity [ 16 – 23 ]. 

 Stereotactic body radiotherapy (SBRT) is a minimally invasive treatment option 
that has been shown in prospective Phase I and Phase II studies and single institu-
tion studies to be a safe, quick and feasible approach for the treatment of locally 
advanced pancreatic cancer [ 24 – 36 ].  

10.2     Patient Selection 

 Patients with biopsy proven non-metastatic locally advanced unresectable pancre-
atic cancer who are referred for conventional chemoradiation are also ideal potential 
candidates for SBRT. Patients with gastric or duodenal obstruction are generally 
excluded. Patients with borderline resectable disease can also be considered for this 
hypofractionated approach. A radiologist and experienced pancreatic surgeon 
should review a pancreas-specifi c multiphasic CT angiogram, to determine inoper-
ability using standard CT criteria [ 37 ]. Patients who appear potentially resectable by 
axial imaging and considered for surgery and those found unresectable at the time of 
surgery would also be candidates. EUS (Endoscopic Ultrasound) has further 
increased diagnostic yield to identify patients with unresectable pancreas cancer and 
use the opportunity to obtain histological diagnosis and placement of fi ducials [ 38 ]. 

 Most patients eventually succumb to metastatic disease. This fact and random-
ized trials which did not show the benefi t of addition of radiation therapy to sys-
temic treatment [ 9 ] emphasizes the role of systemic therapy. As with conventional 
chemoradiation [ 12 ], it is now acceptable practice to use systemic therapy as induc-
tion therapy prior to SBRT for pancreas cancer. Single institution prospective stud-
ies have indeed validated tis approach [ 31 ].  

10.3     Patient Work-Up 

 In addition to the history and clinical examination, Carbohydrate antigen 19–9 
(CA19–9] measurements, complete blood counts, and a biochemistry panel includ-
ing liver function tests are performed in all patients prior to treatment and at 
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follow- up. As mentioned above a multiphasic CT scan of the abdomen with oral and 
IV contrast is mandatory in the evaluation of these patients.  

10.4     Treatment Planning 

 For image guidance, three to fi ve fi ducial seeds are commonly placed in and around 
the tumor percutaneously using CT guidance, at laparotomy, or (more commonly) 
under endoscopic ultrasound guidance. CT planning images with oral and IV con-
trast are obtained at least 1 week after fi ducial placement, to allow for potential 
fi ducial migration. Patients were imaged and treated in the supine position, with their 
arms down, lying in memory foam placed over a customized Vac-Lok TM  (CIVCO 
Medical Solutions, Orange City, IA) immobilization cradle to ensure a comfortable 
and reproducible position. The CT images are transferred to a SBRT planning work-
station and the target volume (visible gross disease) and critical structures, including 
the stomach, duodenum, kidneys, liver and spinal cord, are contoured. The clinical 
target volume is generally defi ned as the gross disease. No expansion margin is used 
where the tumor was in contact with the bowel (stomach or duodenum); otherwise, 
a 5 mm or smaller expansion margin (extending up to the outer bowel wall) is usually 
included to determine the planning target volume (PTV) [ 31 ].  

10.5     Stereotactic Body Radiotherapy Dose Prescription 

 The SBRT dose is commonly prescribed to a conformal isodose line generally cov-
ering at least 95 % of the target volume (usually 70—80 %). While some institu-
tions use a single fi xed dose prescription [ 25 – 27 ,  29 ,  30 ,  34 ,  39 ], others use a 
radiation dose based on the relationship between the tumor location and the gastro-
duodenal loop, in order to limit toxicity (Fig.  10.1 ) [ 32 ]. However, when patients 
have had a palliative gastro-duodenal bypass, such duodenal constraints may have a 
lesser signifi cance. The suggested maximal point tolerance dose of the duodenum is 
three fractions of 10 Gy each [ 40 ,  41 ]. In one institutional scheme [ 32 ], if the tumor 
approximated one-third or more of the circumference of the duodenum or stomach, 
then a dose of 24 Gy (three fractions of 8 Gy each) is used. If the tumor abutted the 
bowel in only one area and/or the space between the tumor and the bowel wall was 
less than 3 mm, then a dose of 30 Gy (three fractions of 10 Gy each) is prescribed. 
Finally, if the gap between the tumor and the duodenum was 3 mm or wider, a dose 
of 36 Gy (three fractions of 12 Gy each) is used. A representative treatment plan is 
shown in Fig.  10.2 .

    Normal tissue constraints are respected during treatment planning. When treat-
ing in three fractions, the volumes of liver receiving 21 Gy (V 21 ) or more and 15 Gy 
(V 15 ) or more are kept below 30 and 50 %, respectively. The corresponding doses to 
these volumes in single fraction would be V 12  and V  7  [ 42 ]. The volume of each 
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  Fig. 10.1    Adaptive tolerance based stereotactic body radiotherapy dose prescription, showing a 
graphical depiction of the relationship between the duodenum and pancreatic tumor ( red ) that is 
used to determine each of the three prescribed doses       

  Fig. 10.2    Representative treatment plan       
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kidney receiving 12 Gy or more will be maintained below 25 %. The total maximal 
spinal cord limit is usually 12 Gy and the maximum point dose to the bowel is less 
10 Gy per fraction.  

10.6     Treatment Delivery 

 The CyberKnife Robotic Radiosurgery system (Accuray Incorporated, Sunnyvale, 
CA) with Synchrony motion tracking has been commonly used as a SBRT system 
to treat locally advanced pancreas cancer. Other SBRT modalities with image guid-
ance and respiratory gating or dampening (E.g. Novalis, TrueBeam) can be equally 
applicable to treat these patients. Patients are generally premedicated with H 2  recep-
tor blockers or proton pump inhibitors, and antiemetics.  

10.7     Systemic Chemotherapy 

 Patients with unresectable, locally advanced pancreatic cancer often progress with 
metastatic disease as they harbor micrometastasis at presentation. Hence systemic 
therapy plays a vital role in the management of these patients. By utilizing a strategy 
of delivering upfront systemic chemotherapy it is possible to select those patients 
who are more likely to benefi t from local therapy [ 12 ,  31 ]. Intensifi ed chemotherapy 
regimens with proven improved response rates in the metastatic setting, like 
FOLFIRINOX, or Gemcitabine and nab-Paclitaxel is now being routinely used in 
patients with locally advanced pancreas cancer. 

 The use of single- and multiple-fraction SBRT has been shown to be feasible and 
safe for patients with locally advanced pancreatic cancer. The results of published 
data on the use of SBRT in locally advanced pancreas cancer is presented in 
Table  10.1  [ 25 – 27 ,  29 – 36 ,  39 ,  43 ]. In contrast to 5–6 weeks of conventional chemo-
radiation, SBRT can be performed in only 1–3 days, resulting in only a minimal 
delay in initiating systemic therapy. When SBRT is selectively used for patients 
who have been treated with systemic therapy, it appears to benefi t them most with-
out immediate overt development of metastasis when used upfront [ 31 ,  44 ].

   Initial experience with single fraction SBRT with or without external beam radi-
ation has been fraught with acute and chronic toxicity [ 25 ,  27 ,  29 ,  30 ]. Similarly 
high fi xed doses of SBRT without accounting for respiratory motion has be associ-
ated with signifi cant toxicity [ 27 ]. More recently tolerance based moderate doses of 
hypo fractionated radiation, with respiratory motion tracking and in the setting of 
systemic therapy has proven to be an acceptable regime [ 31 ]. Assuming an α/β ratio 
of 10 for pancreatic tumor response, Chang et al. calculated their scheme to be 
equivalent to 74 Gy delivered in 1.8-Gy fractions of conventional radiation. The 
Hoyer et al. study gave a dose equivalent to 95 Gy. In the study from Mahadevan 
et al., the equivalent dose was 51–76 Gy, comparable to a conventional radiation 
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dose. While this may potentially appear to decrease the likelihood of local control it 
likely provides a better therapeutic ratio. The RBE (Relative Biological Effectiveness) 
and the equivalent doses for tumor control, acute and late toxicity in these series are 
presented in Table  10.2  [ 25 ,  27 ,  32 ].

10.8        Toxicity 

 Most patients experience fatigue and some nausea and temporary loss of appetite. 
Flare pain at the tumour site can also sometime occur and is usually self-limiting. 
Given the high doses of radiation per fraction, and the close association of the gasw-
Phase I and Phase II SBRT toxicity data for liver tumors suggest that the maximum 

    Table 10.1    Clinical outcomes in published literature for SBRT for locally advanced pancreas 
cancer   

 Study (author)  Treatment 
 Number of 
patients 

 Progression- 
free survival 
(months) 

 Overall 
survival 
(months) 

 Koong et al. Phase I [ 29 ]  SRS 15–25 Gy  15  2  11 a  
 Koong et al. Phase II [ 30 ]  RT 45 Gy + SRS 25 Gy  19  4.5  8 a  
 Schellenberg et al. [ 26 ]  GEM + SRS 25 Gy + 

GEM 
 16  9  11.4 a  

 Chang et al. (includes all 
of above patients) [ 25 ] 

 SRS 25 Gy ± GEM 
EBRT 

 77  –  11.4 a  

 Hoyer et al. [ 27 ]  SBRT 45 Gy  22  4.8  5.7 a  
 Mahadevan et al. [ 32 ]  SBRT 24–36 Gy + 

GEM 
 36  CA 19–9: 7.9  14.3 b  

 CT: 9.6 
 Polistina et al. [ 33 ]  GEM + SBRT 30 Gy  33  NR  10.6 a  
 Didolkar et al. [ 43 ]  SBRT 15–30 Gy + 

GEM 
 85 c   NR  18.6 a  8.6 b  

 Rwigema et al. [ 34 ]  SRS 18–25 Gy  71 d   NR  10.3 b  
 Mahadevan et al. [ 31 ]  GEM- SBRT-GEM  39  15  20 a  
 Goyal et al. [ 39 ]  SRS 20–25, SBRT 

24–30 (3#) ± Chemo 
 20  NR  14.4 

 Chuong et al. [ 36 ]  GEM/GTX 
(borderline)-SBRT 
35/25 Gy (5#) 

 64 (57 
borderline) 

 9.7  15 (16.4 
borderline) 

 Tozzi et al. [ 35 ]  SBRT 36 Gy (6#)  30 (9 
Recc.) 

 8  11 

  Abbreviations:  EBRT  external beam radiation therapy,  GEM  gemcitabine,  GTX  gemcitabine, tax-
otere, xeloda,  NR  not reported,  RT  radiation therapy,  SBRT  stereotactic body radiation therapy,  SRS  
stereotactic radiosurgery,  Recc  recurrent cancer 
  a From diagnosis 
  b From start of treatment 
  c Includes recurrent patients 
  d Includes recurrent and positive margin patients some of which received post-SRS chemotherapy  
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point dose to the duodenum should be kept below the equivalent of three fractions 
each of 10 Gy (equivalent to 130 Gy in 1.8-Gy fractions, assuming an α/β ratio of 3) 
[ 40 ]. Other Dose Volume constraints have been proposed [ 45 ,  46 ]. The acute and 
long-term toxicity of the Hoyer study was higher than either the Stanford or the 
Boston groups. Assuming an α/β ratio of 3, the Chang et al., Hoyer et al. and 
Mahadevan et al. treatment schemes are equivalent to 233 Gy, 270 Gy, and 88–180 Gy 
in 1.8-Gy fractions, respectively. While this may explain the toxicity, a tolerance 
based (gastroduodenal tolerance) approach could decrease toxicity. This strategy has 
been used to reduce toxicity in other cancers treated with SBRT [ 47 ,  48 ].  

10.9     Review of Literature 

 The treatment of patients with non-metastatic locally advanced pancreatic cancer 
continues to evolve. While the data is confl icting, the general standard of care 
appears to be concurrent chemoradiation in addition to systemic chemotherapy 
[ 49 ]. However, the effectiveness of the addition of chemoradiation to a chemother-
apy treatment plan has been questioned. In addition there are signifi cant side effects 
associated with 5–6 weeks of upper abdominal radiation, which are particularly 
problematic for these patients with short life expectancies. Nevertheless, random-
ized trials have shown a survival benefi t to giving radiation therapy to such patients, 
as in other gastrointestinal cancers, and radiotherapy may be particularly helpful 
in local control and palliating local symptoms [ 50 – 52 ]. 

 The use of single- and multiple-fraction SBRT has been shown to be feasible and 
safe for patients with locally advanced pancreatic cancer in several series. In con-
trast to 5–6 weeks of conventional chemoradiation, SBRT can be performed in only 
1–3 days, resulting in only a minimal delay in initiating systemic therapy. Table  10.1  
summarizes the outcomes for published studies of SRS and SBRT. Initial experi-
ence with single fraction SBRT with or without external beam radiation has been 
fraught with acute and chronic toxicity. Similarly high fi xed doses of SBRT without 
accounting for respiratory motion has been associated with signifi cant toxicity. 
More recently tolerance based moderate doses of hypo fractionated radiation, with 
respiratory motion tracking and in the setting of systemic therapy has proven to be 
an acceptable regime. While fractionation may decrease the likelihood of local con-
trol it potentially provides a better therapeutic ratio. The RBE (Relative Biological 
Effectiveness) and the equivalent doses for tumor control, acute and late toxicity in 
these series are presented in Table  10.2 . Assuming an α/β ratio of 10 for pancreatic 
tumor response, 25 Gy single fraction is equivalent to 74 Gy delivered in 1.8-Gy 
fractions of conventional radiation. Similarly 45 Gy in three fractions delivers a 
dose equivalent to 95 Gy and the 24–36 Gy equivalent doses are 51–76 Gy, compa-
rable to a conventional radiation dose. This along with consideration of equivalent 
doses for long-term toxicity as described above may explain the differences in 
outcomes.  
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10.10     Other Potential Roles of SBRT in Pancreas Cancer 

 Local failure is a signifi cant problem in resected cancers even after an R0 resection. 
It is particularly relevant in patients with positive margins. A stereotactic boost to 
areas of known positive margins in addition to standard adjuvant therapy may pro-
vide additional local control and even a survival benefi t [ 53 ]. In Boston fi ducial 
seeds are routinely placed during pancreaticoduodenectomy at the uncinate, retro-
peritoneal, superior mesenteric and pancreatic margins, and pathology guided ste-
reotactic boost of 10 Gy is delivered in addition to standard 50 Gy of postoperative 
chemoradiation for R1 resections. 

 Young patients with good performance status and isolated oligo metastasis (e.g. 
liver metastasis) presenting synchronously or metachronously, may also benefi t 
from local control with SBRT in addition to systemic therapy. Yet another rare indi-
cation would include re-irradiation for local failure after prior radiation therapy in 
the absence of controlled metastatic disease.  

10.11     Conclusion 

 SBRT can be delivered safely and quickly to potentially benefi t patients with locally 
advanced unresectable pancreatic cancer. The toxicity and outcomes appear compara-
ble or more favorable than those of conventional chemoradiation. A randomized trial 
will be required to answer whether SBRT plus chemotherapy will improve progres-
sion-free survival, overall survival, and patients’ quality of life compared to chemo-
therapy with or without conventional chemoradiation. SBRT may have a role in patients 
with positive margins, oligometastasis and local recurrence after prior radiation.     
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    Chapter 11   
 Prostate Stereotactic Body Radiotherapy—
Methods, Rationale, Outcomes, and Future 
Directions 

             Donald     B.     Fuller    

    Abstract     Stereotactic Body Radiotherapy (SBRT) describes a contemporary external 
beam radiotherapy method that utilizes hypofractionation, delivering a small number 
of large doses per fraction, potentially exploiting a radiobiologic advantage unique to 
prostate cancer, whose cells are thought to have a high sensitivity to fraction size. 
Although prostate cancer may have a greater sensitivity to fraction size than surround-
ing normal tissues such as rectum and bladder, translating to a theoretical therapeutic 
ratio improvement by SBRT hypofractionation, these surrounding normal tissues  also  
have a relatively high sensitivity to fraction size, meaning they too are potentially 
damaged by large dose per fraction radiotherapy treatment. As such, tight margins and 
extreme accuracy are also a necessary prerequisite when delivering hypofractionated 
radiation treatment. Several very precise radiotherapy delivery technologies have 
emerged that satisfy this technical requirement, including both image-guided nonco-
planar and image-guided or electromagnetic-guided gantry based systems. Considering 
the relatively narrow margins and high purported central biologic potency of SBRT, 
there are three different potential uses of this modality against prostate cancer:

•    SBRT used as monotherapy for clinically localized lesions that have a minimal 
risk of tumor extension beyond the immediate peri-prostatic region  

•   SBRT used as a prostate boost, in conjunction with wider fi eld “conventional” 
pelvic radiotherapy, against high-risk lesions that have a substantially greater 
risk of tumor extension beyond the immediate peri-prostatic region (i.e.—sig-
nifi cant risk of positive seminal vesicles, lymph nodes)  

•   SBRT used as a narrow margin salvage method used against recurrent prostate 
cancer—either following failed prior prostate radiotherapy (local retreatment) or 
against limited metastatic foci.    

 This chapter critically examines the use of SBRT applied to all three of the 
above-described prostate cancer scenarios.  

  Keywords     Prostate   •   SBRT   •   Hypofractionation   •   HDR   •   Brachytherapy   • 
  Radiosurgery   •   Stereotactic   •   Radiotherapy   •   Prostate Cancer  

        D.  B.   Fuller ,  MD    
  CyberKnife Centers of San Diego, Genesis Healthcare Partners ,   San Diego ,  CA ,  USA   
 e-mail: dfuller@genhp.com  

mailto: dfuller@genhp.com


196

11.1         Background and Rationale for Prostate SBRT 

 Prostate cancer is the most common visceral malignancy of men in the United 
States, accounting for 33 % of non-skin cases, with a total incidence greater than 
200,000 cases/year [ 1 ]. The most important risk factor is age, with a median onset 
at age 68 years and a sharply rising incidence with increasing age beyond that [ 2 ]. 
There is signifi cant heterogeneity in the incidence of this disease amongst different 
nations worldwide, with the greatest incidence of prostate cancer in Scandinavia 
and the lowest incidence occurring in Asia [ 1 ]. Dietary and perhaps other environ-
mental factors likely play a role in the development of this disease, with the stron-
gest evidence being the observation that over time, Asian men that reside in the 
United States develop a higher incidence of prostate cancer than their counterparts 
who remain in Japan or China [ 3 ]. Another important risk factor is family history, 
with greater than double the incidence of prostate cancer seen in men with a positive 
fi rst degree relative family history of the disease [ 4 ]. Although prostate cancer 
remains the second leading cause of cancer-specifi c mortality among American 
males on an absolute basis, the prostate cancer death rates in the United States have 
been steadily decreasing since the advent of the “PSA era” in the early 1990s, likely 
due to a combination of earlier diagnosis by PSA screening as well as the wide-
spread use of more effective surgical and radiotherapeutic local treatments.  

11.2     Hypofractionation 

 Stereotactic Body Radiotherapy (SBRT) describes a contemporary external beam 
radiotherapy approach that utilizes hypofractionation, delivering a small number of 
large doses per fraction, potentially exploiting a radiobiologic advantage unique to 
prostate cancer, whose cells are thought to have a very low alpha-beta ratio (<2 Gy) 
that indicates a high sensitivity to fraction size [ 5 – 8 ]. The concept of hypofraction-
ation is not a new idea at all, and such regimens were employed at the Christie 
Hospital (Manchester, UK) in the treatment of localized prostate cancer decades 
ago; this was most famously illustrated by the case of Sir Lawrence Olivier, who 
was successfully treated by a 36 Gy in 6 fraction regimen over 3 weeks (given as a 
10 × 10 cm four fi eld brick arrangement) in the late 1960s at St Thomas‘ Hospital, 
London, surviving apparently disease-free and complication-free for greater than 20 
years thereafter [ 9 ]. 

 Brenner and Hall evaluated the published effi cacy outcomes of external beam 
and interstitial prostate brachytherapy in 1999 to derive an estimated α/β [alpha/
beta] ratio of 1.5 Gy [ 5 ]. This is probably lower than the α/β [alpha/beta] ratio of the 
surrounding normal tissue such as the rectum, which is commonly thought to pos-
sess an α/β [alpha/beta] ratio of approximately 3 Gy [ 10 ]. This creates a scenario in 
which a greater differential tumor cell versus normal tissue sensitivity is created 
through the use of large dose per fraction radiotherapy treatment, potentially  leading 
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to higher cure rates or decreased normal tissue complication rates versus “conven-
tional” fractionation radiotherapy regimens. Brenner and Hall conclude that in par-
ticular, this prostate cancer radiobiologic trait supports the use of high dose rate 
(HDR) brachytherapy, which inherently delivers large doses per fraction, or appro-
priately designed large dose per fraction external beam radiotherapy schedules [ 5 ]. 

 The main imperfection in this theory is that not all investigators have concluded 
the α/β [alpha/beta] ratio of prostate cancer to be so low, with some deriving or 
postulating considerably higher values α/β [alpha/beta] ratio values of 3.7–5 Gy or 
more, leading to continued uncertainty [ 11 – 13 ]. Among other problems, there has 
been a relative paucity of >3 Gy/fraction data with requisite long-term follow-up in 
the literature to provide a full data base from which to derive a robust and accurate 
α/β [alpha/beta] ratio calculation for prostate cancer. 

 Assuming the low α/β [alpha/beta] rationale to be correct though, the SBRT 
modality is very well suited to deliver hypofractionated regimens, due to the inher-
ent large dose per fraction provided by this approach. Although the α/β [alpha/beta] 
ratio of prostate cancer may well be lower than surrounding normal tissues, those 
normal tissues  also  have a relatively low α/β [alpha/beta] ratio, meaning they too are 
potentially damaged by large dose per fraction radiotherapy treatment. As such, 
tight margins and extreme accuracy are a necessary prerequisite when delivering 
hypofractionated radiation treatment. SBRT nicely fulfi lls this requirement, due to 
the very high spatial accuracy of a number of SBRT approaches [ 14 – 21 ]. 

 Preceding modern SBRT, a different approach to hypofractionation has been uti-
lized—high dose rate (HDR) prostate brachytherapy. This method has very high 
reported disease-free survival rates utilizing a variety of hypofractionation regi-
mens, ranging from 3,800 cGy/4 fractions to 5,400 cGy/9 fractions as monotherapy, 
primarily (but not exclusively) against low-intermediate-risk lesions [ 22 – 25 ]. The 
HDR brachytherapy modality has also been used successfully as a prostate boost 
method, in conjunction with wide fi eld pelvic radiotherapy, against a wider range of 
low-risk to high-risk prostate cancer cases, in which instance HDR brachytherapy is 
used to maximize radiobiologic potency against the primary lesion itself, with the 
wider coverage of conventional external beam radiotherapy applied to cover poten-
tial subclinical disease extension pathways beyond the prostate [ 26 ,  27 ]. There is 
some evidence that this combined modality approach has superior effi cacy versus 
external beam monotherapy, even versus “dose escalated” external beam radiother-
apy monotherapy [ 28 ,  29 ]. 

 The emergence of SBRT represents a contemporary approach that potentially 
combines the better features of external beam radiotherapy  and  HDR brachyther-
apy; in that the SBRT modality maintains the noninvasive trait of external beam 
radiotherapy, yet with the capability to deliver “HDR-like” dose fractionation, 
dosimetry morphology and accuracy [ 30 ,  31 ]. 

 The initial contemporary prostate SBRT regimen was described by King et al., 
using a hypofractionated schedule of 36.25 Gy/5 fractions, using the CyberKnife 
device as the delivery mechanism, against low- and low-intermediate risk cases, the 
fi rst so treated in 2003. This dose regimen was selected to provide biologic equiva-
lence to a conventionally fractionated external beam radiotherapy regimen of 
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74 Gy/37 fractions, assuming a prostate cancer α/β [alpha/beta] ratio of 3 Gy [ 14 ]. 
If the true α/β [alpha/beta] ratio of prostate cancer is lower, as is now fairly widely 
believed (but still not universally agreed), the biologic potency of this regimen may 
signifi cantly exceed 74 Gy/ 37 fractions, and could in fact, exceed 90 Gy/45 
fractions. 

 Considering the relatively narrow margins and high purported central biologic 
potency of SBRT, there are three different potential uses of this modality against 
prostate cancer:

•    SBRT used as monotherapy for clinically localized lesions that have a minimal 
risk of tumor extension beyond the immediate peri-prostatic region  

•   SBRT used as a prostate boost, in conjunction with wider fi eld “conventional” 
pelvic radiotherapy, against high-risk lesions that have a substantially greater 
risk of tumor extension beyond the immediate peri-prostatic region (i.e.—sig-
nifi cant risk of positive seminal vesicles, lymph nodes)  

•   SBRT used as a narrow margin salvage method used against recurrent prostate 
cancer—either following failed prior prostate radiotherapy (local retreatment) or 
against limited metastatic foci.    

11.2.1     Case History 

 A 59 year old otherwise healthy gentleman presented in 2007 with a prostate- 
specifi c antigen (PSA) level of 5.4 ng/mL (elevated versus prior levels). Prostate 
biopsy dated 7/27/2007 revealed Gleason score 3 + 4 = 7 adenocarcinoma from 10 % 
of the left lobe and Gleason score 3 + 3 = 6 adenocarcinoma from 10 % of the right 
lobe (“overall” Gleason score 3 + 4 = 7). His prostate was palpably normal (Clinical 
stage T1c). His I-PSS score was 11/35 (c/w mild preexisting voiding symptoms) and 
his presenting Sexual Health Inventory Matrix (SHIM) score was 25/25, indicating 
full potency. He was very concerned about loss of potency with treatment. After 
careful consideration of a number of potentially curative surgical and radiotherapeu-
tic treatment methods, he selected CyberKnife SBRT monotherapy as his treatment 
of choice. Due to relatively limited effi cacy data in 2007, he agreed to receive his 
prostate SBRT treatment as a participant in an IRB-approved clinical trial [ 32 ]. 

 On September 7, 2007, he received 4 transperineally implanted intraprostatic 
gold fi ducials to serve as his SBRT image guidance reference structure (Fig.  11.1 ). 
His prostate measured 59.6 cc on ultrasound imaging, with no other specifi c abnor-
mally visualized. Fiducial-to-fi ducial coregistered CT and MRI-based treatment 
planning was accomplished 1 week later, with a Foley catheter in place for both 
studies to identify the location of the urethra. The prostate and seminal vesicle bases 
were defi ned primarily from the MRI image set and contoured contiguously, with 
all contours also reconciled with the reference CT image set, to form the Gross 
Target Volume (GTV).

   An asymmetric margin expansion was then applied to form a Clinical Target 
Volume (CTV) that covered the entire prostate and potential extracapsular extension 
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contiguously. Specifi cally, this consisted of GTV + 2 mm on the right, GTV + 5 mm 
on the left (the side that harbored Gleason 7 disease and MRI-abnormality; felt to 
be at higher risk of extracapsular extension), contiguously also surrounding the 
seminal vesicle bases by 2 mm, and shaved to zero mm against the rectum. There 
was no further CTV to PTV expansion (CTV = PTV) (Fig.  11.2 ).

   Although it could be argued that at least a mm or two of extra CTV to PTV mar-
gin expansion could also be applied to account for issues such as image interpreta-
tion/registration uncertainty and potential interfraction/intrafraction prostate 

  Fig. 11.1    Prostate fi ducials as seen on CT-based ( L panel ) and MRI-based ( R panel ) images: Note 
fi ducial prominence and streak artifact on the CT image, with comparatively less prominence and 
no artifact on the MRI image       

  Fig. 11.2    Prostate CyberKnife SBRT contours and composite treatment plan: Note asymmetric 
peripheral margin expansion, with a larger left-sided margin expansion to accommodate the higher 
probability and potential magnitude of extracapsular tumor extension due to left-sided Gleason 7 
disease. Note also the “shaving” of the PTV margin to zero at the prostate-rectal interface in the 
 midline . Finally, note “HDR-brachytherapy-like” dose escalation in the extraurethral prostate, with 
central sparing and sharp posterior fall-off to limit urethral and rectal dose, respectively. The 
100 % isodose line ( yellow ) follows the outer rectal wall while the 75 % isodose line ( green ) fol-
lows the rectal mucosa, which is defi ned as a 3 mm contraction from the rectal wall. The 125 and 
150 % internal dose escalation isodose lines are displayed in  white  and  red , respectively       
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distortion, the 2 Gy/fraction radiobiological dose equivalent of the Virtual HDR 
protocol is 9,400 cGy for an α/β [alpha/beta] ratio of 3 Gy (a commonly assumed 
rectal α/β [alpha/beta] ratio value). As such,  any  added margin expansion is poten-
tially injurious to adjacent tissue, and we thus choose to err on the side of “tight” 
margins on this protocol. The published sub-millimeter tracking accuracy of the 
CyberKnife delivery device and its ability to correct beam aiming in the transla-
tional and rotational dimensions (“6D”) further support the reasonability of “tight” 
margins when using this technology [ 14 ,  15 ]. 

 He subsequently received protocol SBRT treatment on consecutive days, from 
10/15/2007—10/18/2007, using the CyberKnife device as the SBRT delivery mech-
anism. The prescribed dose was 3,800 cGy/4 fractions, prescribed to the 49 % iso-
dose line, creating an intraprostatic maximum dose (“Dmax”) of 7,755 cGy within 
the left lobe (“HDR-like” intraprostatic dose escalation) to a PTV that measured 
148.2 cc,. Adjacent tissues (bladder, urethra, rectal wall and rectal mucosa) were 
also subject to “HDR-like” dose limitations per protocol (120, 120, 100 and 75 % 
of prescribed dose, respectively). Minor protocol deviations were accepted on the 
bladder, rectal wall and rectal mucosa Dmax levels to assure full PTV coverage, 
while the urethra dose level was fully protocol compliant. 

 Acutely, he had grade I GU and GI toxicity, including an I-PSS symptom score 
increase of 6 points and some rectal discomfort at the 2 week follow-up visit, fully 
resolved to baseline by the 1 month follow-up visit. There was no chronic GU or GI 
toxicity. His sexual potency was fully maintained, with a SHIM score of 25/25 at all 
short-term and long-term follow-up visits, out to 5 years. 

 The PSA level steadily decreased from 5.4 ng/mL pre-treatment to 1.0 ng/mL by 
6 months post-treatment, increasing to 2.3 ng/mL at the 1 year follow-up (“PSA 
bounce”), thereafter decreased to 0.4 ng/mL by the 2-year follow-up visit, followed 
by a second minor “PSA bounce” to 0.5 ng/mL at the 30 month follow-up, steadily 
decreasing after that to a fi nal PSA nadir level of 0.1 ng/mL by the 4 year and 5-year 
follow-up visits. The PSA response curve for this case is illustrated in Fig.  11.3 .

   The SBRT planning MRI had shown a 61 cc prostate with diminished left lobe 
T2-weighted signal intensity and gadolinium hyperperfusion, c/w stage T2b dis-
ease. Follow-up MRI at 2 years revealed resolution of abnormalities and a prostate 
volume shrinkage to 35 cc (reduction of 43 %). He remains free of complications, 
with fully maintained potency function and improved voiding function (baseline 
I-PSS score of 11/35 pre-SBRT decreased to 2/35 at the 5 year follow-up visit). He 
will continue to have annual PSA-based follow-up visits.   

11.3     Review of Literature (Review of the Evidence) 

11.3.1     SBRT Monotherapy for Previously Untreated Cases 

 The predominance of published literature to date describes SBRT monotherapy 
against low- and intermediate-risk prostate cancer cases [ 33 – 35 ]. The initial cohort 
was recently updated by King et al. [ 33 ] In that study 67 low and 
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low-intermediate- risk patients were treated with SBRT to a dose of 36.25 Gy/5 frac-
tions, to a planning target volume (PTV) created by an anisotropic margin expan-
sion of the prostate, by 3 mm posteriorly and 5 mm elsewhere, prescribed to cover 
>95 % of the PTV with the prescription dose, using the CyberKnife as the delivery 
device. 

 The 4-year actuarial biochemical disease-free survival was 94 % (median follow-
 up 2.7 years), with 2 biopsy proven local failures, and a reassuringly low rate of 
grade 3 or higher toxicity (3 % GU, 0 % GI). The few observed cases of grade 3 GU 
toxicity were preceded by urologic instrumentation. Grade 1–2 GU and GI toxicity 
was seen in 28 and 12.5 % of patients, respectively, with a statistically signifi cantly 
lower incidence of low grade toxicity in patients that were treated every other day 
(q.o.d.) as opposed to daily (q.d.) (p = 0.001 for gastrointestinal and p = 0.007 for 
genitourinary). It was concluded that SBRT effi cacy compared well with other treat-
ments and that the incidence of severe toxicity was low, causing the authors to sug-
gest that “current evidence supports consideration of stereotactic body radiotherapy 
among the therapeutic options for localized prostate cancer.” 

 A pooled dual institutional study by Freeman and King, restricted to a smaller 
cohort of 41 CyberKnife SBRT patients treated to 35–36.25 Gy/5 fractions with a 
signifi cantly longer 5-year median follow-up was also reported. They reported simi-
lar fi ndings—93 % 5-year biochemical disease-free survival and only a single case 
of grade 3 GU toxicity, with no Grade 3 or higher GI toxicity [ 34 ]. 

 A different study reported by Katz et al., evaluated the effi cacy of two different 
CyberKnife SBRT dose-fractionation regimens (35 Gy/5 fractions versus 36.25 Gy/ 
5 fractions) in two groups of patients with predominantly low-risk prostate cases—
41 consecutive patients treated to 35 Gy/5 fractions versus 41 matched subsequent 
cases treated to 36.25 Gy/5 fractions, with 54 and 48 months median follow-up in 
each group, respectively [ 35 ]. The crude biochemical disease-free survival rate 

Pre-SBRT 6 month 1 year 2 year 2.5 year 4 year
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  Fig. 11.3    Pre-treatment and follow-up PSA values, demonstrating common post-SBRT response 
kinetics: There is a rapid, early drop to 6 months, followed by a self-limited “PSA bounce” at a 
year, presumably refl ecting post-SBRT delayed prostate infl ammation, followed by resumption of 
a declining pattern with a second minor “PSA bounce” at 2.5 years, taking 4 years to achieve the 
fi nal nadir PSA value       
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measured 97.5 % with each dose regimen, with no signifi cant difference in PSA 
nadir (0.1 ng/mL at 4 years) or toxicity rates. The incidence of late grade 2 urinary 
toxicity was 5 and 10 % in the 35 Gy versus 36.25 Gy, groups, respectively (p = NS), 
with an identical 5 % rate of grade 2 GI toxicity in each group. The authors con-
cluded that “overall, the highly favorable PSA response, limited biochemical fail-
ures, limited toxicity, and limited impact on quality of life in these low- to 
low-intermediate-risk patients are supportive of excellent long-term results for 
CyberKnife delivered SBRT” and their work suggested that there is no effi cacy loss 
with the lower dose level. It should be pointed out though, that “local relapse” may 
be a very late event, meaning their conclusion of equivalence is at best “hypothesis 
generating,” and requires longer-term confi rmation before the effi cacy of the lower 
dose arm may be considered truly identical to the more commonly used dose level 
of 36.25 Gy/5 fractions. 

 Based on ample successful brachytherapy precedent, a different and more 
aggressive prostate CyberKnife SBRT method and fractionation scheme, known as 
“Virtual HDR” SBRT, was described in an IRB-approved protocol in 2006, with 
comparative dosimetry analysis versus actual HDR brachytherapy published in 
2008 along with very preliminary clinical results [ 30 ,  32 ]. Using this approach, 
prostate CyberKnife SBRT treatment plans are deliberately designed to mimic HDR 
brachytherapy as closely as possible; using an actual HDR brachytherapy schedule 
of 3,800 cGy/4 fractions, previously described by Grills et al. [ 22 ]. 

 Beyond simply mimicking the dose-fractionation aspect of HDR brachytherapy, 
this method also applies substantially identical intraprostatic and periprostatic iso-
dose morphology, including “HDR-like” urethra, bladder and rectal maximum 
“D max ” dose limitation constraints. Additionally, to qualify as “Virtual HDR” a pros-
tate SBRT treatment plan is required to produce signifi cant intraprostatic dose het-
erogeneity, just as is seen with actual HDR brachytherapy, with intraprostatic D max  
dose escalation greater than 150 % of the prescribed dose, requiring prescription to 
an isodose line less than 67 %, and with the majority of such treatment plans pre-
scribed to an isodose line of 50–55 %. This translates to a typical intraprostatic 
maximum dose level approaching twice the prescription dose level. This dose esca-
lation region is designed to superimpose primarily over the peripheral zone of the 
prostate—the region that most frequently harbors the largest volume of intrapros-
tatic cancer cell burden [ 33 ]. As imaging techniques such as multi-parametric MRI 
or evolving PET/CT methods more accurately defi ne the “dominant intraprostatic 
lesion” (“DIL”), this technique may also be modifi ed to restrict the intraprostatic 
dose escalation to the actual DIL, though the preponderance of “Virtual HDR” 
experience gained to date has been with the use of dose escalation to essentially the 
entire peripheral zone [ 36 – 39 ]. 

 The Virtual HDR series was most recently updated in abstract form in 2012, 
reporting 51 patients (63 % low-risk; 37 % intermediate-risk), with a median fol-
low- up of 3.5 years (range 6—60 months) [ 40 ]. Actuarial 4-year biochemical 
disease- free survival in this series is 98 % (both defi nitions), with a 100 % local 
control rate and a median 4-year PSA nadir of 0.1 ng/mL. There is no acute toxicity 
in this series greater than grade 2 in either the GU or GI domain. Late toxicity is 
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primarily observed in the GU domain; with 18 and 6 % rates of late grade 2 and 3 
GU toxicity, respectively. All observed cases of grade 3 GU toxicity are comprised 
of urethral strictures requiring surgical correction—a comparable incidence versus 
the predicate actual prostate HDR brachytherapy series upon which this series was 
based [ 41 ]. There is a statistically signifi cant correlation of increased baseline I-PSS 
score with an increased rate of grade 2 or higher late GU toxicity, suggesting that 
caution is warranted in the use of this specifi c technique and dose-fractionation in 
patients that have signifi cant preexisting obstructive uropathy (p = 0.0039; I-PSS 
score as continuous variable versus maximum grade GU toxicity—previously 
unpublished data). Corresponding rates of late grade 2 and 3 GI toxicity in this 
series are 2 and 0 %. Patient accrual is scheduled to continue in this series for the 
foreseeable future, and a larger multi-institutional series that began in 2007, evaluat-
ing the same technique, has also completed accrual [ 42 ]. 

 The UCSF group has similarly described a “HDR-like” prostate CyberKnife 
SBRT approach, albeit with less extreme intraprostatic dose escalation versus the 
Virtual HDR method (UCSF series prescribes to the 60–80 % isodose line, equating 
to moderately less intraprostatic dose heterogeneity), using the same 3,800 cGy/4 
fraction monotherapy fractionation scheme as described above, as well as a 
1,900 cGy/2 fraction prostate boost in conjunction with wider fi eld “conventional” 
pelvic radiotherapy to 45–50 Gy for patients felt to be at higher risk of extraprostatic 
disease [ 31 ]. This series describes 38 patients (20 SBRT monotherapy and 18 SBRT 
boost). 

 With a maximum follow-up of 43.5 months, the median observed PSA nadir in 
this series is 0.35 ng/mL, likely not the true nadir, as their median follow-up is only 
18 months. Their late grade 2 and 3 GU toxicity rates measure 8 and 5 %, respec-
tively, with a 3 and 0 % incidence of late grade 2 and 3 GI toxicity, respectively—
extremely similar to the levels observed in the San Diego Virtual HDR series 
described above. The extra toxicity nuance added by the UCSF series is the fi nding 
of no apparent difference in the incidence of grade 2 or higher GU or GI toxicity 
whether this SBRT method is used as monotherapy or as a boost in conjunction with 
large volume “conventional” pelvic radiotherapy, though absolute numbers of 
patients in this series remains small, with less than mature follow-up, such that this 
has to be regarded as a “preliminary” fi nding of toxicity equivalence between 
methods. 

 Experience with gantry-based SBRT regimens as monotherapy for low- to 
intermediate- risk prostate cancer has also emerged, though the effi cacy result seems 
less established with this approach, due to greater variability of reported outcomes. 
The initial gantry-based SBRT approach described in contemporary literature has 
been the so called “SHARP” ( S tereotactic  h ypofractionated  a ccurate  r adiotherapy 
of the  p rostate) regimen described by Madsen et al., in 2007 [ 43 ]. This method 
applied a dose of 33.5 Gy/5 fractions prescribed at the isocenter, using a fi xed beam 
non-coplanar IGRT approach, treating the prostate with a 4–5 mm expansion mar-
gin from the prostate to the block edge (which equates to a far smaller margin 
between the prostate and “quasi full dose” 90 % isodose line). The authors assumed 
a prostate cancer α/β [alpha/beta] ratio of 1.5, equating to a 2 Gy/fx radiobiological 
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dose equivalent of 78 Gy at the isocenter (author note—This decreases to a total 
“conventional” fractionation dose equivalent 64 Gy at the 90 % isodose line, which 
is at or barely beyond the margin of the prostate; lower still if the α/β [alpha/beta] 
ratio actually exceeds 1.5 Gy). Forty low risk patients were prospectively enrolled 
and evaluated in this study. 

 The biochemical disease-free survival rate of the “SHARP” study is unclear, as the 
result is substantially different depending on which specifi c defi nition of biochemical 
relapse is applied—70 % disease-free survival at 4 years using the ASTRO biochemi-
cal relapse-free defi nition versus 90 % using the Phoenix defi nition, with the higher 
biochemical relapse rate implied by the ASTRO defi nition potentially explained by 
“delayed PSA bounces” according to the authors. The most common PSA nadir level 
observed in this study was 0.6–1.0 ng/mL, with 74 and 32 % of all patients achieving 
a nadir level below 1.0 and 0.5 ng/mL, respectively. Comparison of the PSA nadir 
values in this series versus those reported in external beam radiotherapy literature 
caused the authors to conclude that this regimen likely has a biologic potency in the 
range of 73–78 Gy of “conventionally” fractionated radiotherapy. 

 Toxicity was reasonably low in this study for both the GU and GI domains. There 
was a single acute GU grade 3 toxicity and no delayed toxicity in either domain 
higher than grade 2, with 20 and 7.5 % delayed grade 2 GU and GI toxicities, 
respectively. The authors concluded that there is probably room for dose escalation. 
An update of this series with 5-year median follow-up was provided in abstract form 
in 2010, reporting 71 and 93 % 5-year biochemical relapse-free survival using the 
ASTRO and Phoenix defi nitions, respectively, with a median PSA nadir value of 
0.65 ng/mL, implying no further degradation in effi cacy to 5 years [ 44 ]. 

 The substantial uncertainty in biochemical relapse-free survival with the SHARP 
regimen depending on relapse defi nition and the low DFS rate imputed by the 
ASTRO defi nition suggests the possibility that this regimen may not have an accept-
able rate of effi cacy. This concern is amplifi ed by the fact that the suboptimal result 
in this series occurred in spite of restricting the treatment to low-risk patients. At 
best, the long-term effi cacy of this specifi c SBRT regimen remains uncertain. 
Acknowledging this concern, the SHARP study authors have suggested consider-
ation of dose escalation in both their initial and follow-up reports [ 43 ,  44 ]. 

 A subsequent gantry-based prostate SBRT series described by the UT 
Southwestern group has employed a substantially more aggressive approach, 
sequentially evaluating dose levels of 45 Gy/ 5 fractions, 47.5 Gy/5 fractions and 
50 Gy/5 fractions in cohorts of 15 low-risk and intermediate-risk patients, with 
escalation to the each succeeding dose level contingent upon the demonstration of 
reasonable acute safety of the previous dose level [ 45 ]. A total of 45 patients were 
described in their report. The treatment was delivered to a volume that included the 
prostate + 3 mm uniform margin expansion to form the PTV, with the dose pre-
scribed to cover  > 95 % of the PTV, delivered using an axial plane IMRT method 
with daily image guidance, either by a helical Tomotherapy device or by a step and 
shoot MLC-based linear accelerator device. 

 At 12–30 months of follow-up, PSA control by the Phoenix defi nition 
(nadir + 2 ng/mL) is 100 %. The maximum grade 2 GU and GI toxicity incidence 
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rates of 31 and 18 %, respectively, and maximum grade  > 3 GU and GI toxicity rates 
of 4 and 2 %, respectively; overlap the toxicity incidence of other contemporary 
radiotherapy series. This suggests a non-excessive severe toxicity rate in spite of 
aggressive SBRT dosing, with the caveat that a maximum follow-up of 30 months 
is inadequate to fully defi ne the late toxicity incidence. As such, the late toxicity 
result of this approach must still be regarded as preliminary. The authors postulate 
that the relatively low toxicity incidence observed to date in spite of aggressive dos-
ing, is due to tight margins, strict dose limitation of all adjacent normal tissues 
(bladder, rectum and urethra) and the use of an endorectal balloon to stabilize the 
rectum and displace its lateral and posterior walls out of the high dose volume. The 
study has now expanded to multiple centers and is ongoing. 

 Another gantry-based prostate SBRT series of 65 low-risk patients has been 
described in abstract form by Mantz et al., using a Varian Trilogy cone beam CT 
(CBCT) volumetric-guided IMRT approach, with Calypso electromagnetic tracking 
to provide 4D localization, with an action level of 2 mm [ 46 ]. They deliver a dose 
of 40 Gy/5 fractions (q.o.d. schedule) to the PTV (exact expansion from the prostate 
not described in the abstract). With 36 months of median follow-up, the PSA 
response is excellent (median PSA nadir 0.3 ng/mL at 3 years) and there is a zero 
incidence of reported grade 3 or higher toxicity in the GU or GI domains. As with 
other gantry-based reports, this series seems encouraging, with further follow-up 
and more complete reporting necessary to fully validate the results.  

11.3.2     SBRT Radiobiology Potency Considerations 

11.3.2.1     Intraprostatic Dose Considerations 

 When contemplating a specifi c dose fractionation regimen, it is useful to consider the 
“conventional fractionation” dose equivalent under various schedules and α/β [alpha/
beta] ratio scenarios, outlined in Table  11.1 . As revealed by this table, all SBRT dose 
fractionation scenarios are likely adequately powered if the α/β [alpha/beta] ratio of 
this disease is less than 2 Gy, whereas greatly differing degrees of effi cacy loss are 
predicted under higher α/β [alpha/beta] ratio scenarios (e.g. if the α/β [alpha/beta] 
ratio of a lesion is actually 5 Gy instead of 1.5 Gy, the higher dose regimens are still 
likely effi cacious, whereas the lower dose regimens are likely underpowered).

11.3.2.2        Periprostatic Dose Considerations 

 In addition to considering the conventional fractionation dose equivalent required 
 within  the planning target volume, it is also useful to recall that although prostate 
SBRT coverage margins may be relatively sharper versus “conventional” radiother-
apy approaches, there is still a non-trivial a dose gradient  beyond  the PTV, lending 
various degrees of effective “subclinical disease extension” coverage to the 
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periprostatic region, such that there could be effi cacy differences in various regimens 
based on the radiobiologic strength of lower isodose lines that extend  beyond  the 
prostate (e.g.—75 % of the prescription dose), with 75 % IDL conventional fraction-
ation equivalents illustrated in Table  11.2 . This table demonstrates that a regimen 
barely powered to control intraprostatic disease also loses effi cacy beyond the pros-
tate more rapidly versus more radiobiologically potent SBRT regimens. This implies 
that more conservatively dosed prostate SBRT regimens should be restricted to only 
those patients with the lowest risk of extraprostatic disease extension, while more 
potent SBRT regimens are more likely effective against a wider range of higher-risk 
periprostatic disease extension scenarios. An example of the extra periprostatic vol-
ume contained within the 75 % isodose line is illustrated in Fig.  11.4 .

11.3.3          Conclusion 

 SBRT monotherapy has emerged as a potent radiotherapy option for most newly diag-
nosed early prostate cancer patients, as the majority of them present with disease of 
low- to intermediate-risk status, typically translating to “disease confi ned within the peri-
prostatic region”—a region well encompassed within a typical SBRT planning target 
volume. Too, the “low α/β [alpha/beta]” radiobiology of prostate cancer appears ideally 
matched with the typical SBRT large dose per fraction hypofractionation schedule. 

   Table 11.1    RBE table comparing four popular prostate SBRT dose fractionation regimens, 
converted to 2 Gy/fx dose equivalent, with differing α/β [alpha/beta] ratio scenarios   

 Regimen  3,500 cGy/5 fx  3,625 cGy/5 fx  4,000 cGy/5 fx  3,800 cGy/4 fx 

 α/β [alpha/beta] 
1.5 Gy; 2 Gy/fx eq. 

 8,400 cGy  9,000 cGy  10,800 cGy  12,000 cGy 

 α/β [alpha/beta] 
3 Gy—2 Gy/fx eq. 

 7,000 cGy  7,400 cGy  8,800 cGy  9,400 cGy 

 α/β [alpha/beta] 
5 Gy—2 Gy/fx eq. 

 6,000 cGy  6,400 cGy  7,400 cGy  7,800 cGy 

   Table 11.2    RBE table comparing the 75 % isodose line potency of four popular prostate SBRT 
dose fractionation regimens converted to 2 Gy/fx dose equivalent, with differing α/β [alpha/beta] 
ratio scenarios.   

 Regimen  3,500 cGy/5 fx  3,625 cGy/5 fx  4,000 cGy/5 fx  3,800 cGy/4 fx 

 75 % Value  2,625 cGy/5 fx  2,720 cGy/5 fx  3,000 cGy/5 fx  2,850 cGy/4 fx 
 α/β [alpha/beta] 
1.5 Gy; 2 Gy/fx eq. 

 5,000 cGy  5,400 cGy  6,400 cGy  7,000 cGy 

 α/β [alpha/beta] 
3 Gy—2 Gy/fx eq. 

 4,200 cGy  4,600 cGy  5,700 cGy  5,800 cGy 

  Typically, a 75 % isodose line will extend another 5–10 mm beyond the PTV, more thoroughly 
covering the “periprostatic” region. This table clearly demonstrates that more potent  intra prostatic 
regimens are also more potent  extra prostatic disease coverage regimens  
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 There are enough PSA-based effi cacy data and toxicity data to regard prostate 
SBRT as a reasonable and customary option in the armamentarium to manage prop-
erly selected clinically localized prostate cancer cases. The effi cacy and morbidity 
of this modality clearly compare well with other contemporary radiotherapy modal-
ities, and with some SBRT series reporting a PSA nadir so low (0.1 ng/mL) as to 
indicate potential superiority versus “conventional fractionation” treatment, with 
long-term confi rmation of that hypothesis still required [ 35 ,  41 ]. 

 There are caveats. Although effi cacy and toxicity outcomes reported to date 
appear excellent with a number of different SBRT platforms and approaches, cau-
tion seems warranted before one makes a blanket assumption that “SBRT is SBRT.” 
There is a degree of heterogeneity in the reported outcomes, with possible inferior-
ity to some of the lower dosed prostate SBRT series ( < 35 Gy total dose being poten-
tially less effi cacious, particularly in the absence of “HDR-like” or other 
intraprostatic dose escalation measures). Too, insuffi cient PTV margins paired with 
insuffi cient target localization and tracking could lead to an inferior disease control 
outcome, regardless of prescribed dose, while excessive PTV margins and/or exces-
sive dosing could lead to an excessive complication rate. As such, the highest and 
best use of SBRT as a weapon against prostate cancer requires great attention to 
dose fractionation, isodose line morphology, PTV margin design, target localization 
and target tracking methodology, to fully optimize the therapeutic ratio of this still 
relatively novel therapy modality.   

  Fig. 11.4    This fi gure illustrates peri-prostatic SBRT dose coverage. The prescription isodose line 
(3,800 cGy/4 fx) is displayed in  yellow , while the 75 % isodose line (2,850 cGy/4 fx) is displayed 
in  green . If the alpha-beta ratio of prostate cancer measures 1.5 Gy, these lines refl ect a “conven-
tional” 2 Gy/fraction radiotherapy dose equivalent gradient of 12,000 cGy at the prescription iso-
volume surface just beyond the prostate capsule, progressively transitioning to 7,000 cGy well 
beyond the neurovascular bundle and potential contiguous extracapsular disease extension, illus-
trating robust intraprostatic (“gross disease”) and peri-prostatic (”subclinical”) disease coverage 
with this technique. If the alpha beta ratio is 3 Gy, the corresponding conventional dose equivalents 
decrease commensurately to 9,400 and 5,800 cGy, respectively—still likely suffi cient to control 
“gross” and “subclinical” disease, respectively       
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11.4     SBRT as a Boost 

 There exists a subset of prostate cancer patients that present with more advanced 
disease, such that a narrow margin monotherapy approach will not reliably address 
their entire cancer burden. These patients are known as “high-risk” patients, identi-
fi able by disease features such as a pathology Gleason score  > 8, tumor stage T2c or 
higher, PSA value >20 ng/mL, or the presence of multiple “non-favorable” prognos-
tic factors. There has been ample precedent for using a combined modality radio-
therapy approach for such patients, most typically using a combination of wide fi eld 
“conventional” pelvic radiotherapy in conjunction with a LDR or HDR brachy-
therapy prostate boost. This approach simultaneously maximizes the central radio-
biologic power against the known and invariably largest cancer cell burden within 
the prostate itself, while also applying “subclinical disease” radiotherapy dose cov-
erage to known pathways of extraprostatic spread, including seminal vesicles and 
fi rst echelon pelvic lymph nodes. There evidence that such an approach is more 
effi cacious than “non-escalated” approaches such as external beam radiotherapy 
monotherapy [ 28 ,  29 ]. 

 As prostate SBRT naturally delivers comparable fractionation and isodose vol-
umes compared with HDR brachytherapy, it makes perfect sense to apply a SBRT 
prostate boost in exactly the same manner and circumstance as one would apply a 
HDR brachytherapy boost. In fact this method has been described by the UCSF 
group [ 31 ]. In this report, CyberKnife SBRT was used in “HDR-like manner” either 
as monotherapy for low-risk lesions (38 Gy/4 fractions) or as a boost combined with 
whole pelvis IMRT (WP IMRT) for intermediate to high-risk lesions, typically in 
combination with androgen suppressive therapy (19 Gy/2 fractions SBRT 
boost + 45–50 Gy WP IMRT). The patient numbers in each group remain relatively 
small and the median follow-up short, but some observations are still reportable. 
First of all, the PSA nadir in the combined SBRT boost + WP IMRT group is essen-
tially identical with their reference group treated with HDR boost + WP IMRT—
0.1 ng/mL vs. 0.09 ng/mL, respectively. Second, the toxicity incidence of the 
combined regimen does not appear to be signifi cantly different than the toxicity 
rates seen in their SBRT monotherapy or their HDR + WP IMRT populations. The 
authors rightly caution that the effi cacy and toxicity results with this approach must 
still be regarded as preliminary, with longer-term follow-up and larger patient num-
bers required for confi rmation.  

11.5     SBRT for Relapsed and/or Metastatic Cases 

 Unlike newly diagnosed prostate cancer cases, which are typically highly curable 
with a reasonably low risk of severe complications, the scenario of relapsed local 
disease after a prior course of defi nitive radiotherapy treatment presents a far more 
challenging and dire situation. There is no universally agreed safe and successful 
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salvage option for this scenario, and such patients are often consigned to “watchful 
waiting” or palliative androgen suppression treatments, neither of which presents 
any further curative potential, even though their disease has not metastasized. 

 A variety of “curative intent” salvage strategies have been used in this situation, 
but all have shortcomings. Salvage radical prostatectomy is effi cacious in selected 
local relapse patients, but with an elevated complication rate versus “de novo” radi-
cal prostatectomy [ 47 ]. Salvage cryosurgery has also been applied in this setting but 
the effi cacy rates are still not well established, due to a lack of a consensus  defi nition 
of therapeutic success in this setting among other reasons, and the complications are 
signifi cant [ 48 ]. Permanent source brachytherapy has been used with reasonable 
success in selected local relapse patients, but again, with a potentially elevated inci-
dence of  > grade 3 local toxicity [ 49 – 52 ]. A limited body of HDR brachytherapy 
experience suggests the possibly of a low toxicity rate and encouraging short-term 
effi cacy [ 53 ,  54 ]. 

 Due to the previously-described prostate SBRT capability to accomplish a sub-
stantial degree of HDR dosimetry replicating, SBRT also emerges as an intriguing 
potential salvage method for post-radiotherapy local relapse patients. Such an 
approach has been employed under an IRB-approved clinical trial initiated at our 
own center, using a fractionation scheme of 34 Gy/5 fractions, with HDR-like intra-
prostatic dose escalation, such that the estimated uniform dose (EUD) within the 
prostate is approximately 42 Gy/5 fractions [ 55 ]. 

 The result of this trial is still preliminary, currently limited to 17 patients with a 
median follow-up of 12 months (range 3–36), yet the result is encouraging. The 
PSA nadir has not been reached, with a median 1 year PSA level of 0.65 ng/mL 
(from a median pre-salvage PSA level of 3.1 ng/mL) and 88 % of patients display a 
stable or decreasing PSA level at their last follow-up. Toxicity greater than grade 1 
(CTCAE v 3.0) has been limited to the GU domain, with 2/17 patients having 
chronic grade 2 GU toxicity and 1/17 patients having acute and chronic grade 3 GU 
toxicity. The data suggest that the risk of  > grade 2 GU toxicity may be higher in 
patients with preexisting toxicity from their initial radiotherapy course, such that it 
seems prudent to exercise particular caution in this patient population when contem-
plating “salvage” prostate SBRT [ 56 ]. 

 Another series of salvage SBRT for relapsed prostate cancer was reported by a 
group from Milan [ 57 ]. This series describes a mixture of patients treated with 
SBRT salvage for post-radiotherapy local prostate relapse, for post-radical prosta-
tectomy prostate bed local relapse, isolated lymph node relapse and solitary distant 
metastatic foci. Over half of the patients in this series received concomitant andro-
gen suppressive therapy, making the specifi c SBRT contribution more diffi cult to 
ascertain. Nonetheless, some fi ndings are noteworthy: Of 15 patients treated for 
post-RT prostate recurrence to a salvage SBRT dose of 30 Gy/5 fractions, 10 
remained controlled at a median 30 months of follow-up, while 11 of 16 isolated 
lymph node recurrence SBRT salvage patients remained controlled at last follow-
 up. The majority of subsequent clinical relapses occurred at new sites, with relapse 
in SBRT target volume sites comprising only a minority of them. As observed in our 
own series, the incidence of grade 2 or higher toxicity was low and more prevalent 
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in the GU domain. They concluded that stereotactic radiotherapy is a feasible 
approach for isolated recurrent primary, lymph node, or metastatic prostate cancer, 
offering excellent in-fi eld tumor control and a low toxicity profi le. 

 A study from Belgium also described the use of SBRT in patients with oligo-
metastatic prostate cancer, treating patients with  < 3 PET-detected lymph node and/
or bone metastases, to a SBRT dose of 50 Gy/5 fractions, reporting a 2-year 100 % 
local control rate and a 42 % overall disease-free survival rate. Almost half of the 
patients in this series received a second or third SBRT course for additional limited 
metastatic foci, and hormonal therapy was deferred by an average of 38 months 
[ 58 ]. Although it remains to be seen whether any subset of patients with prostate 
cancer oligometastases will actually be cured by focal SBRT to their metastatic foci, 
judicious use of SBRT for such patients does appear to produce a substantial defer-
ment in the need for additional systemic therapy for a many of them. 

 In summary, the short to intermediate-term PSA response and toxicity profi le of 
salvage SBRT for post-RT prostate recurrence or limited extra-prostatic recurrence 
appears encouraging, with the local relapse salvage effi cacy preliminarily resem-
bling HDR brachytherapy salvage effi cacy [ 53 ,  56 ]. The use of prostate SBRT as a 
defi nitive salvage measure for biopsy-confi rmed post-RT prostate local relapse 
appears promising enough to warrant continued study under properly designed clin-
ical trials, at least one of which is currently ongoing, but should be done with great 
caution outside of a clinical trial setting, until the risk of normal tissue complica-
tions is more thoroughly defi ned in a larger population of studied patients. The 
practice of SBRT for limited metastatic prostate cancer beyond the prostate (e.g. 
limited lymph node and/or blood borne metastases) is more likely appropriate for 
routine clinical use, as the effi cacy appears reasonable and the toxicity rate appears 
suitably low [ 57 ,  58 ]. The use of salvage SBRT in either the prostate local recur-
rence setting or the limited metastatic burden setting may well allow a signifi cant 
deferment in the use of androgen suppressive therapy, and may be potentially cura-
tive for some, particularly those with local recurrence.  

11.6     Treatment Techniques and Strategies 

11.6.1     Case Selection: SBRT Monotherapy Versus Combined 
Modality Therapy 

 Assuming the absence of demonstrated metastatic foci, there is no absolute cut-off 
of eligibility for the use of SBRT monotherapy against clinically localized prostate 
cancer, though the majority of cases so treated have had low-risk ( < T2a, PSA 
 < 10 ng/mL and Gleason  < 6) or intermediate-risk (selected combinations of T2b 
and/or Gleason 7 and/or PSA 10.1–20 ng/mL) lesions [ 32 – 35 ]. Rather than con-
structing a “laundry list” of eligibility requirements for such treatment though, a 
practitioner should primarily consider the probability that all of the patient’s disease 
is likely to be contained within that practitioner’s typical SBRT planning target 
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volume (PTV). For an extremely conservative dose/narrow margin SBRT approach 
(e.g.—the “SHARP” protocol), it would most likely be appropriate to limit such an 
approach to low-risk or extremely low-risk cases in the absence of further dose 
escalation. On the other hand, if more aggressive SBRT methodology is used (e.g.—
higher dose CyberKnife or gantry-based SBRT, HDR-like SBRT), it is certainly 
reasonable to apply this method as monotherapy to more advanced localized 
presentations. 

 A decision-tree starting point might be to review one’s typical SBRT planning 
target volume (PTV) against a pathologic risk assessment tool such as the Partin 
Table [ 59 ], and consider designing their protocol to limit the use of SBRT mono-
therapy to patients with <10 % probability of disease extension beyond the SBRT 
PTV. For patients that present an elevated risk of seminal vesicle extension and/or 
lymph node metastases, combined modality approaches such as whole pelvis 
IMRT + LDR or HDR brachytherapy have frequently been used, albeit with little to 
no proof of superiority versus high quality LDR or HDR brachytherapy monother-
apy. It is theoretically quite reasonable to apply SBRT as a boost in lieu of a brachy-
therapy boost, though literature description of this specifi c combination remains 
relatively sparse to date [ 31 ]. If SBRT is used as a boost, in conjunction with wide 
fi eld external beam pelvic radiotherapy, it would seem most prudent to use a pub-
lished HDR brachytherapy boost regimen as a starting point, due to the typically 
similar dose-volume characteristics of these two radiotherapy modalities [ 30 ,  31 ].  

11.6.2     Treatment Planning: Diagnostic Imaging 
and Planning Steps  

 As with all contemporary external beam radiotherapy treatment, CT-based treatment 
planning is the foundation for prostate/ SBRT target volume and normal tissue defi -
nition. CT-based planning is a prerequisite for the accurate defi nition of tissue het-
erogeneity, to maximize the correctness of typical radiotherapy computerized 
treatment planning algorhythms. That said, relative to “conventional fractionation” 
radiotherapy techniques, the SBRT modality is characterized by potentially larger 
radiobiologic dose equivalents within the planning target volume (PTV) and a more 
rapid drop off of dose beyond the PTV, such that a greater degree of precision is 
required, both for treatment planning and for treatment delivery. This means that it is 
also desirable that more exact anatomic imaging methods such as magnetic reso-
nance imaging (MRI) also be incorporated into the treatment planning process. MRI 
maximizes the spatial resolution of prostate capsule defi nition relative to CT-based 
imaging, with CT plagued by a greater tendency to “volume average” adjacent tis-
sues such as the bladder neck, dorsal venous plexus, puborectalis musculature and 
external urinary sphincter into the volume interpreted as “prostate,” typically leading 
to overestimation versus its actual anatomic volume. A comparison of CT-based ver-
sus MRI-based treatment planning images is illustrated in Fig.  11.5 .
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   In addition to defi ning the anatomic boundaries of the prostate more accurately 
than CT, MRI may also be used to map the dominant intraprostatic lesion (“DIL”) 
location and boundaries with up to 80 % specifi city and sensitivity [ 39 ]. The accu-
rate localization of the DIL also more accurately identifi es areas at highest risk of 
extracapsular extension, which typically occurs in immediate proximity to the DIL 
[ 22 ]. This means that the incorporation of MRI into the treatment planning process 
potentially leads to a more conformal and more customized SBRT treatment plan 
through the more accurate defi nition of the anatomic boundaries of the prostate, and 
also potentially identifi es disease foci within the prostate that may be targeted by 
differential dose escalation within the larger prostate planning target volume, as 
well as allowing the design of wider margins around the DIL(s) to more completely 
encompass potential contiguous extracapsular extension (All of these principles 
may be well applied to “conventional fractionation” IGRT/IMRT, incidentally). An 
example of multiparametric MRI planning to demonstrate the location of the domi-
nant intraprostatic lesion (“DIL”), with resultant more customized DIL boost esca-
lation and margin coverage is illustrated in Fig.  11.6 . Our own treatment planning 
goals and normal tissue dose limitation constraints for “HDR-like” prostate SBRT 
are illustrated in Table  11.3 .

11.6.3         SBRT Image-Guidance Methodology 

 Prostate SBRT regimens typically make use of fi ducial-based or electromagnetic 
image-guidance and/or tracking, to maximize the precision of this inherently small 
margin strategy. Our own SBRT planning process makes use of fi ducial-to-fi ducial 

  Fig. 11.5    CT-based ( left panel ) versus MRI-based ( R panel ) planning images: Note “fuzzier” 
anatomic boundaries with surrounding tissue volume averaging, along with signifi cant streak arti-
fact about the fi ducials on the CT-based image, with comparatively sharper anatomic prostate defi -
nition and far less prominent fi ducials with no artifact on the MRI image set. Ultimately the image 
sets are complimentary, as CT defi nes tissue density most accurately for the purpose of computer-
ized radiotherapy dose calculation, while MRI typically defi nes the anatomy itself most sharply for 
the purpose of target volume and adjacent tissues delineation       
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CT-MRI co-registration, to enable the direct transfer of the typically more accu-
rately defi ned MRI-based contours to the requisite CT-based planning image set. 

 Gold seed fi ducials create a moderate degree of streak artifact on the CT images. 
This is usually manageable by adjusting CT window and level settings, and/or con-
touring immediately above and below the slices with the greatest degree of streak 
artifact and interpolating the contours through these problematic regions. There is 
little to no disruption of the companion MRI images by gold seed fi ducials. In fact, 
special MRI imaging tricks (e.g. “gradient echo” image sequence; gadolinium con-
trast) may be required to see gold seed fi ducials  at all  on MRI images, though ulti-
mate MRI seed visualization success is virtually always achieved. Gold seed 
fi ducials on SBRT treatment planning images are illustrated in Fig.  11.5 . 

  Fig. 11.6    Dynamic contrast enhanced (DCE) MRI images incorporated into the treatment plan-
ning process: The colorized image ( L panel ) illustrates a typical peripheral zone “Dominant 
Intraprostatic Lesion” (“DIL”) that could be differentially boosted. The central panel shows a more 
advanced DCE lesion uptake pattern with bilateral tumor involvement and left-sided predomi-
nance, leading to differential GTV to CTV margin expansion on the more heavily involved left 
side, to more thoroughly cover potential extracapsular extension on that side. The  right panel  
illustrates a completed SBRT dosimetry plan, with differential dose escalation covering abnormal 
DCE foci to a higher dose within the larger prostate PTV       
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 SBRT techniques that pair electromagnetic transponders and planning MRI 
have a different challenge. CT characteristics of electromagnetic transponders 
are not so different versus gold seeds, but the MRI characteristics of electromag-
netic transponders are vastly different, due to the fact that they contain a small 
amount of iron, which is extremely disruptive to MRI imaging. There is a large 
zone of “obliterated MRI image” around each electromagnetic transponder, mak-
ing Transponder-to-Transponder MRI to CT image co-registration virtually 
impossible, illustrated in Fig.  11.7 . As such, if electromagnetic transponder based 
SBRT technique is to be used, either CT-only planning is done, or MRI-based 
imaging is done  before  the placement of transponders, with image co-registration 
then based on anatomy-to-anatomy co-registration rather than fi ducial-based co-
registration—a process that may be somewhat less accurate due to the increased 
subjectivity of anatomy-based image interpretation. Such added uncertainty 
needs to then be considered in the fi nal prostate to PTV margin design process, 
potentially leading to a minimally increased PTV expansion to account for this 
added image co-registration uncertainty issue.

   Table 11.3    Dose specifi cations and constraints for “HDR-like” prostate SBRT—CyberKnife 
Centers of San Diego SBRT protocols [ 32 ,  42 ,  55 ]   

 High dose regimen 
(original) 

 Moderate dose 
regimen (added in 
2012) 

 Post-radiotherapy 
local recurrence 
SBRT regimen 

 Prescription  3,800 cGy/4 fx  3,400 cGy/5 fx  3,400 cGy/5 fx 
 PTV  CTV + 2–5 mm; 

(manually shave PTV 
expansion to 0 mm 
against the rectum) 

 CTV + 2–5 mm; 
(including a 2 mm 
PTV expansion 
against the rectum) 

 CTV + 0 mm 
(everywhere) 

 Heterogeneity  Intraprostatic Dmax 
>150 % of Rx (required) 

 Intraprostatic Dmax 
>150 % of Rx 
(required) 

 Intraprostatic Dmax 
>150 % of Rx 
(required) 

 Urethra  Dmax: 120 %  Dmax: 120 %  Dmax: 120 % 
 D50—105 %  D50—105 %  D50—105 % 

 Bladder wall  Dmax 110 %  Dmax 110 %  Dmax 100 % 
 Rectal wall  Dmax 3,800 cGy  Dmax 3,800 cGy  Dmax 3,400 cGy 
 Rectal mucosa 
(defi ned as a 3 mm 
rectal wall 
contraction) 

 D1 %—2,850 cGy  D1 %—3,300 cGy  D1 %—2,550 cGy 

 Neurovascular 
bundles (NVB) 

 Contour and carry Dmax 
and D50 for analysis, 
but no specifi c constraint 

 Contour and carry 
Dmax and D50 for 
analysis, but no 
specifi c constraint 

 Contour and carry 
Dmax and D50 for 
analysis, but no 
specifi c constraint 

 Penile bulb  Contour and carry Dmax 
and D50 for analysis, 
but no specifi c constraint 

 Contour and carry 
Dmax and D50 for 
analysis, but no 
specifi c constraint 

 Contour and carry 
Dmax and D50 for 
analysis, but no 
specifi c constraint 
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11.6.4        SBRT Treatment 

 The prostate may continue to move after even the most meticulous patient set-up and 
immobilization procedure (intrafraction motion), creating additional challenges to 
the successful application of SBRT treatment beyond simply defi ning the PTV accu-
rately at the planning step. The magnitude of this motion problem is typically pro-
portional to the amount of time to deliver the treatment, such that it becomes more 
problematic for methods that take a longer time to deliver a fraction of SBRT. Too, 
in addition to moving in the “X-Y-Z” plane (translational motion), the prostate may 
also rotate (e.g.—pivoting in the sagittal plane about the relatively “more fi xed” 
apex). The narrower the prostate to PTV margin expansion, the more potentially 
problematic intrafraction translational and rotational motion becomes. A variety of 
simple strategies may be applied to limit intrafraction PTV motion and distortion. 

11.6.4.1     Biologic Factors 

 To deal with organ motion, our own SBRT patient preparation protocol includes the 
following components [ 1 ]: Low residue/low gas diet starting 24 h before treatment 
planning and before the actual course of treatment, continuing until treatment is 

  Fig. 11.7    Effect of electromagnetic transponders on MRI imaging: The  top panel  illustrates a 
multiparametric prostate MRI planning sequence before implantation of electromagnetic transpon-
ders, while the  bottom panel  illustrates the same MRI planning sequence and level following elec-
tromagnetic transponder implantation. Note substantial “bloom artifacts” around each transponder, 
with the respective  middle panels  showing complete obliteration of a Dominant Intraprostatic 
Lesion by this artifact ( red lesion  at  top panel —completely obscured by artifact on  bottom panel )       
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concluded [ 2 ]; Bladder completely emptied and then re-fi lled with 100 cc of sterile 
fl uid via Foley catheter at the simulation step (but  not  during the SBRT treatment 
itself) [ 3 ]; P.O. fl uids limited for 4 h pre-treatment and bladder emptied 60–90 min 
pre-treatment, theoretically creating an “average” intrafraction bladder volume 
matching the simulated bladder volume [ 4 ] Fleets enema to empty the rectum of its 
contents pre-simulation and pre-treatment each day. Different SBRT practices may 
adopt their own “biologic” protocols, but this factor should defi nitely be defi ned in 
all SBRT protocols, to minimize intrafraction target volume variability.  

11.6.4.2     Technical Factors 

 Three basic SBRT technical strategies are currently used to overcome the issue of 
intrafraction targeting accuracy degradation [ 1 ]: Continuous fi ducial-based target 
tracking and automated beam aiming adjustment (Prototypical platform: 
CyberKnife) [ 2 ]; Continuous electromagnetic-based target tracking with manual or 
semi-automated compensatory isocenter adjustment (Prototypical platform: 
Calypso + Gantry-based linear accelerator) [ 3 ]; Initial fi ducial-based or CT-based 
IGRT with no further intrafraction adjustment—ideally paired with a “fast” linear 
accelerator to minimize the treatment time, to overcome target volume motion 
through “sheer speed” of the SBRT application, plus or minus the use of endorectal 
balloon for additional intrafraction prostate motion stabilization. 

 All of the above strategies have been described as prostate SBRT methods, with 
the greatest volume of prostate SBRT experience to date currently reported with the 
CyberKnife platform. The continuously updated target tracking and beam aiming 
adjustment feature inherent to the CyberKnife device represents an “integrated end-
to- end” target tracking solution with published sub-millimeter accuracy, subject to 
an average intrafraction tracking of <40 seconds, with occasional cases requiring 
more frequent tracking to maintain that degree of accuracy [ 15 ]. The CyberKnife 
device also automatically compensates beam aiming for rotational as well as trans-
lational prostate motion, thus representing a “complete” prostate SBRT tracking 
and automated aiming solution. 

 As the “Virtual HDR” method applies a zero mm prostate to PTV margin expan-
sion posteriorly against the outer wall of the rectum, as well as the highest intrapros-
tatic radiobiologic dose equivalent and the extreme intraprostatic dose heterogeneity, 
the CyberKnife device seems currently the best suited to deliver this specifi c “voxel-
by-voxel” treatment method [ 30 ,  31 ]. The more “uniformly dosed” SBRT approaches 
that apply use a 3–5 mm prostate to PTV margin expansion are probably equally 
well treated on a variety of SBRT platforms, as millimeter by millimeter tracking 
and compensation, while still desirable, is relatively less critical. A variety of solu-
tions to interfraction and intrafraction target tracking are illustrated in Figs.  11.8 , 
 11.9 , and  11.10 .

      Review of current prostate SBRT literature discloses no clear difference in 
 effi cacy or toxicity by therapy platform, with the exception of potential effi cacy 
inferiority of the originally published “SHARP” treatment regimen, which perhaps 

D.B. Fuller



217

  Fig. 11.8    CyberKnife Prostate SBRT Tracking methodology: In this example, 5 transperineally 
implanted prostate fi ducials are three-dimensionally localized by orthogonal images, which are 
then compared with their computerized digital reconstruction radiograph (DRR) position derived 
from the CT-based treatment planning images. This overlay process provides full 6-dimensional 
(translational and rotational) tracking capability. The unique 6-dimensional robotic arm aiming 
functionality of the CyberKnife device allows automatic correction of tracking error, to fully com-
pensate for all translational and rotational target motion, which makes this a prototypical prostate 
SBRT device, with end-to-end sub-millimeter targeting accuracy       
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represents more of a “low dose paired with tight margin” issue than a “treatment 
platform” issue [ 43 ,  44 ].    

11.7     Conclusion/Future Directions 

 The use of SBRT is rapidly emerging as a mainstream application in the armamen-
tarium of radiotherapy options against prostate cancer. Although the greatest experi-
ence in the use of this modality thus far been gained with SBRT monotherapy 
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  Fig. 11.9    Electromagnetic (Calypso Beacon®) transponder prostate motion tracing over the 
course of an individual radiation treatment in two different prostate cancer patients, demonstrating 
two completely different sources of prostate motion: The  top panel  reveals a “slow drift” in the 
vertical (A-P) dimension over time, potentially caused by gradual relaxation of pelvic musculature 
and/or gradual bladder fi lling. The  bottom panel  illustrates a 4 mm amplitude respiratory sine 
wave, with a frequency of approximately 14 cycles per second. This patient was treated in the 
prone position, which potentially exaggerates respiratory motion by compressing A-P diaphragm 
motion. In contrast, there is no respiratory motion component in the  top panel  case, which was 
treated in the supine position. The ability to continuously track translational prostate motion over 
time with sub-millimeter accuracy makes this a viable SBRT guidance system, with user program-
mable motion tolerance boundaries (set to ± 3 mm in both of these examples)       
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against localized low-to intermediate-risk lesions, the applicability of this prostate 
SBRT certainly does not stop there. Prostate SBRT is also a potentially valuable 
modality used as a prostate dose escalation boost for more advanced cases, and as a 
salvage method for locally relapsed or limited metastatic (“oligometastatic”) cases. 

 If the alpha-beta ratio of prostate cancer really does prove to be 1.5 Gy or lower, 
the future direction of prostate SBRT could actually include studies to evaluate “de- 
escalation” of the prescribed dose, to further decrease toxicity rates and possibly 
further improve potency preservation rates. If this is done, accurate treatment plan-
ning and target tracking accuracy will become even more paramount, as the poten-
tial for “marginal” relapse would almost certainly increase, due to a very rapid loss 
of radiobiological power beyond the immediate PTV. The San Diego Virtual HDR 
prostate protocol in fact does now contain a “dose de-escalation” arm of 34 Gy/5 
fractions for selected low and low-intermediate-risk patients (while maintaining 
“HDR-like” isodose morphology), though follow-up with this lower dose regimen 
is currently too limited to make any specifi c effi cacy statement. 

 Even further along the de-escalation continuum, contingent upon continued 
improvement in prostate imaging techniques, including multiparametric MRI and/

  Fig. 11.10    Cone beam CT image guidance: The  left panel  illustrates the patient’s planning CT 
image, with prostate ( red ), PTV ( blue ) and rectal ( orange ) contours superimposed. The  right panel  
is a daily cone beam CT image of the same patient, illustrating signifi cant anterior prostate motion 
and prostate compression, due to excessive fecal contents. In contradistinction to fi ducial-based or 
Calypso-based tracking solutions, cone beam CT imaging gives a more comprehensive evaluation 
of all regional anatomy during each fraction, allowing a more complete evaluation potential 
sources of daily target deformation and also potentially revealing target volume changes (e.g. 
—shrinkage) over time. On the other hand, CT-based imaging is also more subjective than fi ducial- 
based imaging, with surrounding tissue volume averaging obscuring prostate borders to variable 
degree, and so is perhaps best used as a compliment to fi ducial-based SBRT tracking, rather than 
as a replacement for it       
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or emerging PET/CT imaging techniques, SBRT methodology also seems potentially 
well suited to “focal” treatment, targeting of less than the entire prostate. This strategy 
is potentially applied in selected “very low-risk” or recurrent cases of prostate cancer. 
Currently, the primary limitation of focal prostate treatment is more tied to an inade-
quate capability to accurately map every voxel of prostate cancer involvement within 
the gland due to imaging limitations, rather than any specifi c SBRT limitation. 

 Finally, for more advanced cases, greater work needs to be done to defi ne which, 
if any, prostate cancer patients  need  combined modality therapy as opposed to opti-
mally powered SBRT monotherapy. Although logistically challenging, in ideal 
study in this regard could potentially include a “2 × 2 design” for “high-risk, clini-
cally localized” cases—testing SBRT monotherapy versus SBRT boost + wide fi eld 
“conventional” treatment along one axis, and testing each approach ± a course of 
neoadjuvant/adjuvant androgen deprivation therapy along the other axis (Table  11.4 ).

   Although the RTOG 94–13 trial was already designed in this same basic format, in 
retrospect, none of the arms of this trial were likely suffi ciently radiobiologically pow-
ered to optimize central tumor control, leaving the effi cacy of optimally powered “pros-
tate alone” radiotherapy arms still scientifi cally undefi ned for “high-risk” cases [ 60 ]. 

  Fig. 11.11    Example of a Dynamic Contrast Enhanced (DCE) MRI image (semi-transparent red) 
overlying a standard SBRT simulation image. Theoretically, an image of this type (or other pros-
tate dedicated imaging methods) could be used to direct “focal” prostate SBRT approaches. 
Unfortunately, the sensitivity and specifi city of prostate imaging is not high enough to correctly 
recommend such an approach, outside of a properly designed clinical trial       
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 In conclusion, other than confi rming that prostate SBRT works well as mono-
therapy for most low- and intermediate-risk cases, we have barely scratched the 
surface of defi ning the optimal use of this obviously potent treatment modality 
against the larger spectrum of prostate cancer cases. Much, much investigative work 
remains to be done.     
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    Chapter 12   
 Stereotactic Body Radiotherapy for Renal 
Cancer 

             Irving     D.     Kaplan      ,     Anand     Mahadevan     , and     Andrew     A.     Wagner    

    Abstract     Surgery is the primary treatment for renal cancer. However, with inade-
quate renal function or in patients with solitary kidneys, it may not be a safe func-
tion preserving option. When surgery is not desirable other ablative therapies such 
as radiofrequency ablation or SBRT have been used. Conventional external beam 
radiation has limited value and can be toxic to the remaining kidney or the surround-
ing organs. Highly conformal stereotactic body radiotherapy (SBRT) can be an 
effective and safe nonsurgical option for selected renal cancers.  

  Keywords     Renal cancer   •   Ablation   •   Nephrectomy   •   Stereotactic body 
radiotherapy  

12.1         Introduction 

 The American Cancer Society estimates that over 65,150 new cases of renal cancer 
were diagnosed in the United States in 2013 with more than 13,650 patients dying 
of this disease [ 1 ]. Approximately 90 % of these cases are renal cell carcinoma with 
the majority clear cell tumors. While surgery is currently the standard treatment for 
primary renal cell carcinoma, not all patients are suitable for surgery. In addition 
nephrectomy is associated with increased long-term risk of chronic renal failure. 
Current alternative treatments—cryotherapy and radiofrequency ablation—have 
shown tumor control effi cacy but are invasive procedures. Renal cell carcinoma is 
historically considered a “radioresistant” tumor because conventionally fraction-
ated radiation treatments have not been shown to be effective. The development of 
radiosurgery—allowing an accurate delivery of high doses of radiation to a tumor 
while maximally sparing surrounding normal organs—may allow the 
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radioresistance of renal cell cancers to be overcome. Clinical experience using 
radiosurgery to treat metastatic sites of renal cell carcinoma as well as early experi-
ence using radiosurgery for primary renal cell tumors, appear promising and justify 
further study of this treatment approach.  

12.2     Background and Rationale 

12.2.1     Rationale for Nephron Sparing Approaches 

 The current standard treatment for clinically localized disease is surgery. Although 
radical nephrectomy is the gold-standard surgical approach, nephron-sparing sur-
gery with partial nephrectomy has become increasingly popular as an alternative, 
especially for small renal masses. The American Urologic Association recommends 
nephron sparing partial nephrectomy when possible. The rationale for nephron- 
sparing surgery is to preserve as much renal function as possible, without sacrifi cing 
cancer control compared to radical nephrectomy. Partial nephrectomy has been 
shown to have no statistically signifi cant difference in cancer specifi c survival in 
patients with small localized renal cell carcinoma in multiple retrospective studies 
(Table  12.1 ) [ 2 – 4 ,  6 ]. In selected patients, local recurrence after partial nephrectomy 
is less than 8 % with cancer-specifi c survival rates 97–100 %.

   Nephron-sparing approaches have also shown potential to reduce the post surgi-
cal progression to signifi cant chronic kidney disease requiring dialysis [ 5 ]. Huang 
et al., conducted a retrospective study of 662 patients with a normal serum creati-
nine undergoing elective partial or radical nephrectomy for small solitary renal 

   Table 12.1    Outcomes after nephron sparing approaches for renal cancer   

 Authors  Treatment 
 Mean tumor 
size (cm) 

 Follow up 
(months) 

 No of 
patients 

 Cancer 
specifi c 
survival (%) 

 Local 
failure 
rate (%) 

 Lane et al. 
(2007) [ 6 ] 

 Partial 
nephrectomy 

 2.9  68  58  100  2.70 

 Barbalias et al. 
(1999) [ 3 ] 

 Partial 
nephrectomy 

 3.5  68  41  97.50  7.30 

 Radical 
nephrectomy 

 3.8  68  48  98.40  0 

 Butler et al. 
(1995) [ 2 ] 

 Partial 
nephrectomy 

 2.5  68  46  100  2.10 

 Radical 
nephrectomy 

 2.8  68  42  97  2.30 

 Liebovich 
et al. (2004) 
[ 4 ] 

 Partial 
nephrectomy 

 4.9  68  91  98  ? 

 Radical 
nephrectomy 

 5.4  68  841  86  ? 

I.D. Kaplan et al.
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tumors. Using estimated GFR and defi ning chronic kidney disease as a GFR <60 
they found that the 3 year probability of CKD was 20 % in the partial nephrectomy 
group and 65 % in the radical nephrectomy group (p < 0.0001). A similar study 
conducted by La Rochelle et al., followed 84 patients undergoing partial nephrec-
tomy and found the estimated 5 year end stage renal disease free survival in patients 
without local recurrence was 97 % at 5 years [ 7 ]. Hence, nephron-sparing approaches 
can preserve renal function without compromising local control or survival. 
Laparoscopic partial nephrectomy (LPN) offers patients the same advantages over 
OPN as LRN but it is technically challenging surgery, which requires advanced 
laparoscopic skills [ 8 ]. In expert hands, LPN appears to offer excellent outcome for 
tumors <4 cm.  

12.2.2     Non-surgical Nephron Sparing Approaches 

 Not all patients with renal cell carcinoma are suitable surgical candidates, and many 
patients due to medical comorbidities or body habitus are unable to undergo a 
nephrectomy. For these patients, other treatments have been used including cryoab-
lation and radiofrequency ablation. These modalities have shown good cancer con-
trol outcomes in multiple published series. A meta-analysis of 47 studies in which 
patients underwent either RFA (775 cases) or cryoablation (600 cases) has recently 
been published [ 9 ]. There was no signifi cant difference in mean patient age, tumor 
size or duration of follow-up. However, a greater number of the cryoablation patients 
underwent pretreatment biopsy and surgery via the laparoscopic route. The main 
fi ndings were a local progression rate that was signifi cantly higher after RFA than 
cryoablation (12.9 % vs. 5.2 %), and a greater need for repeat ablation with RFA 
than cryoablation (8.5 % vs. 1.3 %). Although metastasis was seen more commonly 
after RFA, the difference did not reach statistical signifi cance in this meta-analysis. 
Lucas et al., retrospectively evaluated 242 patients undergoing radiofrequency abla-
tion, partial nephrectomy or radical nephrectomy for unilateral renal masses smaller 
than 4 cm [ 10 ]. They reported the 3-year freedom from stage III chronic kidney 
disease for radio frequency ablation, partial nephrectomy and radical nephrectomy 
was 95.2, 70.7 and 39.9 %, respectively (p < 0.001) 1 . These results reaffi rm that 
partial nephrectomy may better preserve renal function compared to radical nephrec-
tomy, and also show that ablative therapies (which treat the tumor without removing 
the entire kidney) may also be effective for preserving renal function.   

12.3     Radiation Therapy for Renal Cell Carcinoma 

 Conventional radiation therapy, used for almost all cancers, has not been routinely 
used for primary renal cell carcinoma as there has been no consistent survival ben-
efi t shown for either preoperative or postoperative radiation [ 11 – 14 ]. Juusela et al. 
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randomized 88 patients to preoperative radiation therapy with 33 Gy over 3 weeks 
or immediate nephrectomy. Five year actuarial survival was 47 % in the radiation 
group and 63 % in the nephrectomy only group with no statistically signifi cant dif-
ference [ 11 ]. Kjaer et al. conducted a prospective randomized trial comparing post 
nephrectomy radiation with 50 Gy in 20 fractions to observation and reported no 
signifi cant difference in relapse rate or overall survival between the two groups [ 12 ]. 
Of the patients receiving radiation therapy in the later study 44 % reported serious 
GI side effects. As a result of these studies renal cell carcinoma has typically been 
thought of as “radioresistant” as it does not respond to conventional external beam 
radiation at the maximal dose that can be safely delivered. 

 A retrospective study by Wersall et al., looked at radiosurgical outcomes from 58 
patients with extra cranial metastatic renal cell carcinoma or inoperable primary renal 
cancers. They were able to demonstrate radiologic regression in 30 % of patients, but 
more importantly a 90 % local control rate [ 13 ]. Based on these promising retrospec-
tive fi ndings Svedman et al., conducted a prospective phase II trial treating a total of 
82 extracranial renal cell carcinoma lesions (primary or metastatic). They were able 
to obtain local control, defi ned as radiologically stable disease or partial/complete 
response in 98 % of treated lesions [ 15 ]. These studies showed very encouraging 
results for the use of stereotactic radiosurgery to treat renal cell carcinoma.  

12.4     Stereotactic Body Radiotherapy for Renal Cell 
Carcinoma 

 Preclinical and early clinical experience using radiosurgery to treat primary renal 
cancers appear promising as well: Ponsky et al., from the Cleveland Clinic have 
treated kidneys in ten female swine all with approximately 2 cm sized lesions with 
single fractions of 24–40 Gy using the CyberKnife [ 16 ]. Sixteen kidneys were har-
vested at 4, 6, or 8 weeks after treatment and pathologically examined. After 8 weeks, 
the kidney tumors were completely ablated with fi brosis with a zone of adjacent 
partial fi brosis. The renal parenchyma surrounding the area of partial fi brosis was 
histologically normal. Beitler et al. [ 17 ], from Staten Island University Hospital 
treated nine patients who refused surgery for clinically and radiographically non-
metastatic renal cell carcinoma with 40 Gy in 5 fractions using conformal external 
radiation. At 2 years follow up none of the patients had recurred in the radiated area. 
Four of the nine patients were still alive with minimum follow up of 48 months. 

 Ponsky et al. [ 18 ], from the Cleveland Clinic treated three patients with radio-
logic evidence of renal tumor less than 4 cm with a total of 16 Gy in 4 fractions over 
2 days using the CyberKnife as the fi rst level of a dose escalation study. Patients 
then underwent partial or total nephrectomy 8 weeks after completion of radiosur-
gery and surgical specimens were reviewed histologically. All three patients’ tumors 
remained stable or reduced in size and one patient’s tumor was completely ablated. 
In these initial patients, no acute toxicities, no change in renal function and no 
change in clinical performance status were noted. 
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 Hong et al., 2008 from Harvard Medical School presented initial data from their 
prospective trial treating patients with primary renal cell carcinoma with CyberKnife 
radiosurgery [ 19 ]. Patients were treated with 21 Gy in 3 fractions. Fourteen patients 
were treated and there was no tumor progression or increases in creatinine at 1-year 
follow up. They also reported a mean decrease in tumor volume of 44 % at 12 months 
follow up with no RTOG Stage II toxicities. The authors in collaboration with 
Baylor Medical Center have recently completed a Phase I dose escalation study 
treating primary renal cell carcinoma tumors up to 5 cm. The dose was increased 
from 7 Gy ×3 fractions (total 21 Gy) to 16 Gy ×3 fractions (total 48 Gy). In 15 
patients treated on this trial, no patient experienced Grade 2+ toxicity. Further dose 
escalation beyond 16 Gy ×3 fractions was deemed medically unnecessary as this 
dose was felt to be adequate for renal cell carcinoma; therefore, this dose has been 
selected for the current Phase II study. While not the primary outcome of the Phase 
I study, tumors treated responded with minimal shrinkage in size, but demonstrated 
reduction in enhancement (on CT on MRI) suggesting tumor necrosis and fi brosis. 
This response is consistent with prior studies. Progression has been seen one patient 
treated at 7 Gy ×3 and one at 9 Gy ×3 dose levels. 

12.4.1     Patient Selection 

 Patients with histological or radiologically confi rmed renal cell cancers with no 
contraindications for nephron sparing ablative therapies are candidates for 
SBRT. Patients with diffi cult anatomy, particularly with solitary kidneys are at a 
high risk for biopsy and pathognomonic radiological fi ndings may have to be relied 
on. These include Ultrasound, bi-phasic spiral CT and contrast enhanced MRI. The 
accuracy of up-to-date imaging in detecting and staging renal cancers is over 90 %. 

 Many SBRT systems utilize fi ducial markers for respiratory and motion tracking 
(e.g. Cyberknife). Inability to place fi ducials, due to patient anatomy or bleeding 
diathesis, may prove to be contraindications for the procedure. While perivascular 
and other central lesions not suitable for other kidney directed local therapies are 
ideally suited for SBRT, large central tumors, in solitary kidneys with limited func-
tion may be relative contraindications. Inability to obtain imaging to identify target 
and prior abdominal radiation threatening nephron preservation may be other rela-
tive contraindications.  

12.4.2     Treatment Planning and Delivery 

 Simulation is often done in a supine position with reproducible immobilization; 
usually in a comfortable vac-loc. IV contrast is benefi cial in accurate visualiza-
tion if the target and images obtained in nephrogram phase (100–120 s) for opti-
mal characterization of the mass. Optional sequences based on the system used 
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are, arms up and down, inspiration-expiration and 4D CT. Respiratory dampen-
ing and respiratory gating to account for motion management may need special 
procedures. Available MRI and PET are often summoned for fusion in the plan-
ning system. 

 Once the image set with fusion is available, the next step is to delineate the target 
volume. The GTV (Gross Tumor Volume), CTV (Clinical Target Volume—based 
on predicted microscopic extension of the tumor) are defi ned. The expansion for 
PTV (Planning target volume) is often described differently with different systems. 
With fi ducial based continuous live motion tracking (e.g. Cyberknife) the GTV is 
often considered the PTV. While this approach has the benefi t of maximal nephron 
sparing, there is a risk of missing microscopic disease. On the other hand with gat-
ing and respiratory dampening increasing margins are required to achieve target 
coverage with the prescribed dose- typically 3–5 mm. 

 Organs at risk are identifi ed—typically reminder of the kidney, the contralateral 
kidney, liver spinal cord and bowel. Typically when treating in 3 fractions, the rec-
ommended dose constraints for organs at risk are as follows:

•    Spinal cord: Limited to 6 Gy per fraction, maximum total point dose to spinal 
cord of 18 Gy;  

•   Stomach: Limited to 10 Gy per fraction (allow up to 3 cc of stomach to receive 
this dose) and a maximum point dose of 30 Gy.  

•   Liver: At least 700 cc of liver receiving less than 7 Gy total dose.  
•   Small and Large Bowel: Limited to 8 Gy ×3 (to 1 cc) and a maximum point dose 

of 10 Gy ×3.  
•   Opposite Kidney: Every effort will be made to limit dose to opposite kidney to 

less than 2 Gy per fraction with an absolute limit of 50 % of kidney receiving less 
than 15 Gy    

 Based on current available data, the authors usually prescribe 16 Gy × 3 = 48 Gy 
for smaller tumors (<5 cm) and 12 Gy × 4 = 48 GY for larger tumors. The prescrip-
tion dose will be to the percentage isodose volume that encompasses the PTV; typi-
cally 95 % of the PTV receives the prescribed dose. The plan will be constructed so 
that the chosen prescription percentage isodose volume is left to the discretion of 
the treating physician but is expected to fall generally in the range of 60–80 %. 
Treatments may be delivered in 3 consecutive or alternate days. 

 A representative treatment plan is shown in Fig.  12.1 .

12.4.3        Toxicity 

 Patients will need to be monitored during the treatment course with documentation 
of acute toxicity. No treatment related toxicities where observed in the Phase I dose 
escalation study in the authors’ institution other than mild fatigue. Nausea has 
been reported and is managed conservatively with prophylactic or therapeutic 
antiemetics.  
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12.4.4     Post Treatment Care 

 While clinical examinations re mandatory for monitoring toxicity and quality of 
life, laboratory assessment of  renal function is absolutely essential. Detailed and 
periodic imaging using modalities outlined above is required for assessment of 
tumor control. This can often be challenging as post contrast CT and MRI may not 
be feasible due to their poor renal function. Periodic clinical and radiological follow 
up is warranted based on institutional protocol. Adverse events and radiological 
assessments need to be carefully monitored and recorded.   

12.5     Future Directions 

 The role of SBRT for renal cancers is evolving. Phase I/II studies have established 
the feasibility and safety of SBRT for nephron sparing ablative treatment of renal 
cancer. Larger Phase II effi cacy studies with careful radiological follow-up and 
 toxicity assessment are underway in many institutions including the authors. This 
would set the stage for future Phase III studies comparing the value of SBRT in rela-
tion to other surgical and non-surgical nephron sparing approaches.     

  Fig. 12.1    Representative image of non-isocentric SBRT Treatment plan for a renal tumor using 
the Cyberknife TM  system       
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    Chapter 13   
 Stereotactic Body Radiotherapy 
for Oligometastasis 

             Nergiz     R.     Dagoglu      and     Anand     Mahadevan     

    Abstract     With tremendous strides in loco regional and systemic therapy many 
cancer patients present with limited metastatic disease. Just like the precedence of 
surgical metatstatectomy providing signifi cant numbers of long term survivors, 
other evolving locoregional therapies can potentially achieve similar results, par-
ticularly when surgery is not an option or undesirable. Stereotactic Body 
Radiotherapy (SBRT) is becoming an increasingly valuable tool in the armamen-
tarium against oligometastatic cancer. Future clinical trials are needed to solidify its 
role in the setting of systemic, targeted, immune and biological therapies.  

  Keywords     Oligometastasis   •   Systemic therapy   •   Stereotactic Body Radiotherapy  

13.1         Introduction 

 In spite of the advances in detection and treatment of some malignancies, metasta-
ses remain common and account for approximately 80–90 % of cancer deaths. The 
standard treatment for metastatic disease in most adult cancers is systemic cytotoxic 
chemotherapy and hormonal deprivation. With the notable exceptions of subsets of 
leukemias, lymphomas, and germ cell malignancies [ 1 – 3 ], systemic therapies for 
cancer are not curative. Targeted therapies have shown some promise, but only 
some, like imatinib for the treatment of chronic myeloid leukemia (CML), has dem-
onstrated curative potential [ 4 ]. Response rates to currently available targeted thera-
pies are low and are of limited curative potential in most solid tumors. Therefore, 
there is a vital need for the development of new therapies, including ablative thera-
pies, for the treatment of patients with metastatic cancer.  
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13.2     Oligometastasis 

 Based on the natural history of breast cancer [ 5 ], lung cancer [ 6 ] and other meta-
static disease states like melanoma [ 7 ]- a clinically signifi cant disease state of oligo-
metastases has been postulated [ 8 ]. In this paradigm, a disease state between 
locoregionally confi ned and curative treatable disease and widely metastatic cancer 
may exist where tumors early in their clinical presentation of metastatic progression 
produce metastases limited in number and location. Such limited metastases could 
be considered de novo oligometastases [ 9 ]. In patients who present with widespread 
metastases, a state of induced oligometastases may be generated when effective 
systemic therapy eradicates the majority of metastatic deposits. Residual tumor foci 
in such patients are attributable to the presence of cells that are resistant to cytotoxic 
agents, hormonal deprivation and/or targeted agents. In either oligometastatic state, 
and in the setting of active/potential treatment for occult disease, a window of 
opportunity may exist where focal therapy to known sites of gross disease may be 
benefi cial. In addition to de novo and induced oligometastasis, other two states have 
been postulated. In one, oligo recurrence describes the state of limited metastasis in 
the setting of controlled primary disease, as opposed to oligo metastasis, which 
occurs alongside an active primary disease site [ 10 ]. 

 The utility of local therapy for metastases limited in number and location is sup-
ported by the long-term survival of some patients who undergo complete excision of 
pulmonary, hepatic, and brain metastases [ 11 – 13 ]. Furthermore, patients who develop 
metachronous and synchronous pulmonary and hepatic metastases have also been 
shown to have favorable outcomes following resection [ 14 ,  15 ]. Surgical resection for 
limited metastasis from melanoma has led to long-term survivors [ 16 ,  17 ]. Therefore, 
identifying patients with oligometastatic disease and delivering an appropriate therapy 
may be one of the novel approaches needed for the treatment of metastases [ 18 ,  19 ].  

13.3     Natural History 

 While the natural history of cancer suggests that the oligometastatic state may exist, 
analyzing the patterns of presentation in patients with metastases tests the hypoth-
esis that metastases can be limited in number and location and not associated with 
widespread disease. Potentially, oligometastasis may refl ect an early stage of meta-
static growth whereby tumors acquire the ability to only grow in one or two organs 
and to only form limited metastatic colonies. This conforms to the de novo oligome-
tastasis theory following the “soil and seed” hypothesis fi rst proposed by Sir James 
Paget. Furthermore, analyzing patterns of progression of metastatic patients after 
cytotoxic chemotherapy tests the hypothesis that effective chemotherapy could 
reduce the number and location of metastatic tumors to a limited number of loca-
tions that may benefi t from local therapy allude to above as the induced oligometat-
staic state Taken together, these data suggest that metastases are not always 
associated with widespread disease and that following chemotherapy, local therapy 
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to all known sites of disease could potentially benefi t a subset of patients. Those 
patients in whom metastases were not widespread or progressed only in initially 
involved sites could theoretically benefi t from metastasis directed treatment.  

13.4     Surgical Precedence 

 More information is available regarding the surgical removal of metastases than for 
any other therapy. Literature describing the surgical removal of metastases, or 
metastectomy, have the largest patient numbers and longest follow-up periods of 
any modality of treatment. This lends serious credibility to the benefi cial role of 
ablative therapy for localized metastasis. As such, there are undoubtedly differences 
with regard to patient selection, as well as variabilities in treatment technique and 
extent of follow-up that confound decisive interpretation. Nonetheless, this experi-
ence has taught clinicians much about typical outcomes, selection of patients, 
improved techniques, and follow-up strategies in addition to confi rming that patients 
can be helped or even cured with ablative local therapy.  

13.5     SBRT Rationale 

 While situations causing bowel obstruction, mass effect and diagnostic uncertain-
ties often warrant surgery, other noninvasive approaches may be preferable in 
patients not suitable or not keen on surgery, or systemic therapy induced states (e.g. 
pancytopenia, Anti VEGF therapy) that precludes surgery. 

 Radiotherapy, similar to surgery, is anatomically targeted therapy. Computed 
tomography scans dedicated for radiotherapy planning are routinely used in combi-
nation with other diagnostic and metabolic imaging to generate three-dimensional 
tumor volumes. These tumor volumes are then used to design optimal beam arrange-
ments and intensities. An advantage of radiotherapy over other local therapies is the 
ability to add margins for subclinical disease extent or, on the other hand be 
extremely conformal to avoid normal tissue toxicity. Recent technological advance-
ments in imaging, patient immobilization, as well as radiotherapy planning and 
delivery have led to the development of stereotactic body radiotherapy as a useful 
treatment modality in patients with oligometastasis. Based on the principles of 
intracranial radiosurgery, this technique was developed in Sweden where, along 
with Japan, much of the early work with this technique was performed [ 20 – 22 ]. 
SBRT targets tumors with minimal margins, delivering six to ten times the standard 
daily amount of radiotherapy (5–22 Gy) in each dose while signifi cantly shortening 
a course of radiotherapy from 7 weeks of daily treatments to 3–10 treatments over 
1–3 weeks. Rigorous and reproducible methods to track target and patient motion 
including respiratory motion with varying degrees of combination of patient immo-
bilization and tracking is required to ensure delivery of dose to the tumor while 
avoiding delivery of radiation to nearby critical normal structures.  
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13.6     SBRT Literature Review 

 While SBRT has been tested in the phase I and II setting for primary lung cancer 
[ 23 – 28 ] the data for SBRT to the lung specifi cally for metastatic disease is evolving. 
In series reporting both primary and metastatic lung tumors treated with SBRT 
using either single dose treatment, signifi cantly hypofractionated treatments (3–5 
fractions), or mildly hypofractionated treatments, local control rates have been 
impressive, ranging from 70 to 90 % [ 28 – 30 ]. Furthermore, toxicity has been mild, 
most commonly limited to radiographic lung changes. A phase I dose-escalation 
trial was performed for patients with lung metastases from various primary sites. 
SBRT dose was successfully escalated to 60 Gy in three fractions with minimal 
toxicity and excellent local control has been reported [ 31 ,  32 ]. Stereotactic radiosur-
gery (SRS), similar to SBRT but delivered in a single high-dose fraction, has also 
successfully been performed with respiratory gating or fi ducial based continuous 
tracking for lung metastases [ 29 ,  33 ] with excellent local control with minimal mor-
bidity. Additionally, investigators from Japan reported treating 1–2 pulmonary 
metastases in 34 patients with various primary tumors using 12 Gy fractions to 
doses of 48 or 60 Gy. At 2 years, 90 % of patients were free of local failure. 
Progression free survival was 34.8 % at 2 years [ 22 ,  34 ]. Little toxicity has been 
reported when SBRT is used to treat peripheral lung tumors, with pneumonitis rates 
varying from 0 to 10 % [ 35 ,  36 ]. However, when treating primary lung tumors 
within 2 cm of the proximal bronchial tree to 60–66 Gy in three fractions, investiga-
tors from Indiana University noted a 46 % rate of grade 3–5 toxicity compared to 
17 % when treating peripheral lesions [ 25 ]. Due to high rates of toxicity seen when 
treating central lesions, alternative fractionation schemes are under investigation. 
However, for many patients with limited lung metastases, this technique seems 
promising with limited toxicity. 

 SBRT for the treatment of liver metastases has been delivered successfully with 
limited toxicity. In a pilot study of 31 patients with a variety of primary tumors, 17 
liver metastases in 14 patients were treated with doses of 7.7–45 Gy in 1–4 frac-
tions. Of 13 lesions treated with greater than 20 Gy, only one lesion progressed with 
a mean follow-up of almost 10 months [ 37 ]. One patient in this series who had a 
single liver metastasis from ovarian cancer survived disease-free for at least 
26 months after irradiation with 40 Gy in two fractions. A Heidelberg University 
dose escalation study of single fraction body radiosurgery to the liver escalated dose 
from 14 to 26 Gy with good patient tolerance and 67 % local control at 18 months 
[ 38 ]. However, the majority of these patients failed systemically. A phase I multi- 
institutional trial sequentially escalated doses up to 60 Gy in three fractions. It was 
reported that the maximum tolerated dose (MTD) was not reached and a single 
patient out of 36 patients failed in-fi eld at a median follow-up of 19 months [ 39 ]. 
Subsequent Phase II studies from this group confi rmed these results [ 40 ]. A Phase I 
study from Princess Margeret Hospital in Toronto used individualized SBRT dose 
schemes respecting the normal tissue complication probability. They reported a 
1 year local control rate of 71 % with a median overall survival of 17.6 months [ 41 ]. 
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Using mildly hypofractionated SBRT (2–6 Gy/dose), the University of Rochester 
reported 57 % 20-month local control of 174 metastatic tumors [ 42 ]. Actuarial long- 
term survival despite disease progression was achieved at 37 months in nearly 30 % 
of the 20 patients with colorectal cancer metastases. Pooled analysis from these 
institutions and systematic reviews have validated the usefulness of SBRT for lim-
ited liver metastasis [ 43 ,  44 ]. 

 The outcomes of patients treated with SBRT for multiple organ metastases have 
also been reported [ 45 ,  46 ]. The University of Rochester recently reported an analy-
sis on patients with 1–5 metastases treated on two consecutive protocols. The fi rst 
protocol treated breast cancer patients with limited metastases, in which no brain 
lesions were treated. The second protocol included patients with cancer from any 
primary site and limited metastases including a brain primary. After treatment with 
ten fractions of 5 Gy over 2 weeks, metastatic lesions were controlled 77 % of the 
time at 2 years. However, 75 % of patients developed further metastatic disease at 
4 years consistent with an overall survival rate of 28 % at 4 years. A multivariate 
analysis revealed that total tumor volume, non-breast cancer primary, and the pres-
ence of adrenal metastases predicted for worse overall survival [ 47 ]. 

 Appropriate SBRT doses when treating multiple metastases in multiple organs is 
not clear, due to involvement of multiple adjacent dose limiting normal tissues. 
Additionally, treating a large number of sites in the body can result in a high inte-
gral radiation dose. While the University of Rochester reported their results using 
50 Gy in 10 fractions, other radiation delivery schemes using fewer fractions at 
higher doses per fraction have been used. However, based on studies analyzing dose 
volume histogram parameters on individual sites, allows limitations for thresholds 
for normal tissue toxicity. To determine the maximal tolerated dose of SBRT deliv-
ered in three fractions for patients with oligometastatic disease, a dose escalation 
study is currently ongoing at the University of Chicago. Early results were pre-
sented after 22 metastatic lesions were treated in 11 patients [ 48 ]. With a median 
follow-up of 5.6 months (range 4–10), abdominal and lung sites were safely esca-
lated to 30 Gy. Eight of ten patients had progressive disease outside of the treated 
sites, but most treated lesions achieved freedom from local progression (83 % of 
abdominal lesions, 73 % of lung, 50 % of liver lesions, and 1/1 bone lesion). Dose 
response relationships have also been reported in the treatment of lung and liver 
metastasis [ 49 ,  50 ]. 

 These early results demonstrate that SBRT for metastatic disease is tolerable at 
high doses and can result in local control of targeted lesions in the liver, lungs and 
multiple sites. In the limited series reported, patients have favorable survival com-
pared to those treated with chemotherapy alone. SBRT for metastases limited to the 
liver or lung has been demonstrated to result in high rates of locoregional control 
with minimal toxicity. While more data are needed detailing the outcomes of SBRT 
for multiple organ metastases, the available data suggest that SBRT may be able to 
deliver locoregional control and survival outcomes similar to that seen with surgery 
for limited metastatic disease [ 18 ,  19 ]. 

 Published Clinical outcomes for SBRT for metastasis is further tabulated in 
Tables  13.1 ,  13.2 ,  13.3 ,  13.4 , and  13.5  [ 31 ,  32 ,  34 ,  37 – 42 ,  46 ,  47 ,  51 – 81 ].
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13.7            SBRT and Systemic Therapy 

 As the majority of patients treated with SBRT for limited metastatic disease prog-
ress distantly, further studies integrating SBRT and systemic agents are needed. It is 
unclear if sequential, concurrent, or adjuvant therapy is preferential for patients 
treated with SBRT. Additionally, it is currently unknown if “targeted agents” or 
traditional systemic agents will be better tolerated when combined with SBRT. The 
RTOG and SWOG are currently developing such trials for breast cancer patients 
with limited metastases. A phase II study using SBRT with or without sorafenib 
(RTOG 1112-   www.rtog.org    ) is underway.  

13.8     Pre-SBRT Evaluation 

 Patients treated with SBRT should have a limited number of demarcated tumors that, 
if ablated would provide meaningful benefi ts in progression free and overall survival 
or symptoms and improve quality of life. From this perspective, SBRT for consolida-
tion of oligometastases should follow the same general treatment philosophy relating 
to indications for surgical metastectomy. If improvement in survival is the goal, the 
treatment would likely be most benefi cial in patients with controlled primary tumors, 
limited metastatic disease, metachronous appearance of primary and metastatic dis-
ease, younger age, and higher performance status. It is for this reason consideration 
must be given to performing SBRT for oligo metastasis only in combination with 
systemic therapy [ 50 ]. If systemic therapy is considered the standard of care for 
metastasic disease, then it is conceivable that SBRT adds to local control and as a 
corollary decreases the need for and side effects from continuing systemic therapy. In 
general, all macroscopically viable metastatic disease should be treated if survival 
improvements are to be realized. For palliative intent, treatment is performed to 
improve quality of life. The judgment should be that the targeted tumor is indeed the 
culprit in degrading the patient’s quality of life, and that shrinking and controlling this 
tumor will likely improve the quality of life. Furthermore, the side effects of the treat-
ment should not be severe so as to avoid a further decrease in quality of life. Extremely 
frail patients or patients with widespread metastatic disease rarely benefi t from SBRT. 

 Prior to undergoing SBRT for lung metastasis, patients should have a clinical pulmo-
nary function assessment, although this is more applicable for primary lung tumors. 
SBRT does not appreciably affect blood counts, liver enzymes, or kidney function, and 
therefore routine baseline laboratory testing is not generally necessary. Patients under 
consideration for SBRT for lung metastases actually have few medical contraindica-
tions. However, patients with tumors near the central mediastinal and hilar areas should 
either not be treated out of concern for toxicity or should be treated on a clinical trial 
because to our knowledge no safe dose of SBRT has been determined to date for tumors 
in such locations. Patient selection for SBRT based on disease characteristics should be 
similar to what was discussed earlier in the sections regarding surgical metastectomy.  
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13.9     SBRT Technical Issues 

 The term “stereotactic” simply relates to the correlation of the tumor target position 
with reliable fi ducials with a readily known position. Fiducials defi ne a coordinate 
system that can be used to target the tumor, orient the treatment planning process, 
and ultimately guide the therapy toward the intended location in the body. Fiducials 
help track patient and tumor motion and with good ability to do this dose can be 
prescribed conformally to the tumor without large expansions for motion, thereby 
limiting toxicity from irradiating excessive normal tissue. For soft tissue, retroperi-
toneal and pelvic metastasis fi ducial based targeting and tracking are generally 
used. With good immobilization and specialized tracking software (XSight TM  in 
Cyberknife TM ) spime metastasis are often treatable without external implantable 
fi ducials. 

 Dampening, active breathing control (breath hold techniques), gating and track-
ing (e.g. Synchrony TM  with Cyberknife  TM ) are often basic requirements for treating 
liver and lung metastasis to account for respiratory motion control. The administra-
tion of SBRT for lung metastases is very similar to that for liver metastases . In 
addition, careful consideration must be made for the proper accounting of lung tis-
sue density correction for lung SBRT. Large errors in dose prescriptions of up to 
20–40 %, particularly from using older generation algorithms such as the pencil 
beam and Clarkson method, have been observed when using sophisticated Monte 
Carlo methods [ 82 ,  83 ].  

13.10     SBRT Complications: Liver Metastases 

 One of the most serious complications after liver irradiation is radiation-induced 
liver disease (RILD), a clinical syndrome of anicteric hepatomegaly, ascites, and 
elevated liver enzymes occurring within 3 months after the completion of therapy. 
RILD has been observed after whole-liver irradiation, but thankfully, RILD is 
very rare after SBRT for liver metastases, but has been reported occasionally [ 37 , 
 57 ]. To keep the risk of liver toxicity low, a substantial volume of liver must be 
spared from irradiation, and re-irradiation is generally not recommended. This can 
be done by keeping the dose to 700 cc of uninvolved liver to less than 15 Gy deliv-
ered in 3 fractions 13 or ensuring that no more than 50 % of the liver receives 
15 Gy in 3 fractions (or 7 Gy in 1 fraction), and no more than 30 % of the liver 
receives 21 Gy in 3 fractions (or 12 Gy in 1 fraction). Other potential hepatic tox-
icities, including a transient increase in liver enzymes, reactivation of hepatitis B, 
and a general decline in liver function, have been reported after SBRT for hepato-
cellular carcinoma but are believed to be uncommon after SBRT for liver metas-
tases unless there is underlying liver disease or prior liver irradiation has been 
delivered [ 37 ,  59 ].  
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13.11     SBRT Complications: Lung Metastases 

 The hilar and central mediastinal structures in the chest appear to be very sensitive 
to the negative effects of SBRT. The majority of toxicity reports regarding SBRT in 
the lung describe patients with medically inoperable, early-stage primary lung can-
cer. Primary lung cancer patients tend to present with considerably poorer baseline 
pulmonary function (due to chronic tobacco abuse) compared to patients with lung 
metastases from other primary tumor sites. The risk of hypoxia, atelectasis, pneu-
monitis, decline in pulmonary function, and hemoptysis is greatest for tumors 
located in the central chest, in which most primary lung cancers occur. As metasta-
ses are more typically peripheral in location, treatment is generally better tolerated. 
Radiation pneumonitis, a common problem encountered with conventional pulmo-
nary radiotherapy, is less likely to occur with SBRT. While the volume of lung 
receiving high and intermediate doses is limited in commonly used SBRT tech-
niques, large areas are often bathed with low doses due to use of multiple beams or 
arcs. Instead, there is a risk of decreasing pulmonary reserve, which may not mani-
fest as a toxicity until many years later, particularly if the patient continues smok-
ing. Chest wall complications including pleural effusions, chest wall pain, and rib 
fracture may occur with pleural-based lesions.  

13.12     Conclusions 

 Local treatment of oligometastases is an important area of progress in improving the 
survival and quality of life in a clinically signifi cant proportion of cancer patients. 
As systemic therapies, targeted agents and biological and immune therapies become 
more and more effective local ablative therapy may play a crucial additional sup-
portive role in the curative treatment for metastatic cancer. Trials should be designed 
to integrate and optimize systemic and targeted therapies and to demonstrate the 
benefi t of local treatment of oligometastases. SBRT is proving to be an effective and 
safe local treatment approach for oligometastasis.     
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    Chapter 14   
 Stereotactic Body Radiotherapy in Head 
and Neck Cancer 

             David     N.     Teguh      ,     Peter     C.     Levendag     ,     Abrahim     Al-Mamgani     , 
and     Anand     Mahadevan     

    Abstract     There is limited data regarding stereotactic radiotherapy (SRT) or stereo-
tactic body radiotherapy (SBRT) for primary head and neck cancers, although it is 
feasible using SRT for primary HNC and its potential benefi t in LC and organ pres-
ervation. The dose conformality by using SBRT and reduced CTV to PTV margins 
do seem to have a substantial effect on the dose received by the swallowing muscles 
and parotid glands as opposed to those treated with an IMRT or 3DCRT boost. 
Hypofractionated SRT may have the potential for curative or palliative treatment 
and could have a shorter duration of treatment, and a highly conformal dose distri-
bution. However, severe late adverse reactions are anticipated with re-irradiation 
than with initial RT, partly because of the large doses per fraction used in most 
series. Compared with stereotactic radiosurgery using single fraction of high-dose 
irradiation, fractionated stereotactic radiotherapy may be superior in terms of tumor 
control and protection of normal tissues and organs surrounding the target. 

 This chapter discusses the role of SBRT in head and neck cancers.  

  Keywords     Stereotactic body radiotherapy   •   Radiosurgery   •   Head and neck cancer   
•   Toxicity   •   Dysphagia  

14.1         Introduction 

 Head and Neck cancer (HNC) is the sixth most common type of cancer worldwide, 
representing approximately 6 % of all malignancies and accounting for an estimated 
650,000 new cancer cases and 350,000 cancer deaths, worldwide, annually [ 1 ]. 
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Patients with Head & Neck cancer (HNC) can have a variety of malignancies that 
originate from, for example the paranasal sinuses, nasal cavity, oral cavity, oro-, 
naso- or hypopharynx, larynx, thyroid gland or from the major- or minor salivary 
glands. The great majority of these cancers are of squamous cell type origin. Distant 
metastases at initial presentation is uncommon, arising in about 10 % of the patients 
[ 2 ]. Second primary tumors develop at a rate of 3–5 % every year [ 3 ]. An increase 
in cancers of the base of tongue, and tonsillar fossa and/or soft palate has been 
noted, especially in young adults in the USA and in some European countries [ 4 ]. 
The overall incidence varies between countries, e.g. in France (oral cavity cancers), 
in Mediterranean countries (cancer of the nasopharynx), and in countries like India 
(oral cavity tumors), and far east asia (China, Hong Kong, Indonesia; cancer of the 
nasopharynx) because of the high incidence of risk factors in these areas. Specifi cally 
nasopharyngeal cancer is the most common cause of death in young men this region 
[ 5 ]. Chronic exposure of the upper aerodigestive tract to alcohol and tobacco is the 
most common risk factor for head and neck cancer. In non-smokers, substantial 
alcohol consumption (3 drinks per day) has been associated with increased risk of 
developing HNC [ 6 ]. Recently evidence is accumulating pointing to a viral origin 
for some head and neck cancers. Human papillomavirus (HPV) type 16 and to a 
lesser extent type 18 are the main types associated with HNC. The association 
between HPV and HNC is strongest for cancers of the tonsil, intermediate for the 
rest of the oropharynx, and weakest for the oral cavity and larynx [ 7 ]. HPV positiv-
ity is a favorable prognostic factor in HNC [ 8 ,  9 ], these patients respond better to 
radiotherapy (RT), chemotherapy (CHT) or both. Different studies showed superior 
LC, DFS, and OS rates in HPV-positive oropharyngeal patients compared to those 
with HPV-negative tumors [ 8 ]. 

 The median age of patients with HNC is early 60’s, with a male predominance, 
especially in laryngeal cancer. More than 50 % of the new cases have locally 
advanced disease, and require an aggressive combined modality treatment approach. 
Many improvements in the treatment of head and neck cancer have been made 
although tumor recurrence remains a signifi cant problem. The 5-year survival rate 
(on the basis of SEER data) for all stages is about 60 %, but for locally advanced 
disease still below 40 %, despite the multi-modality treatment approaches [ 10 ]. 

 The optimal management of squamous cell cancers of the tonsillar fossa (TF) 
and/or soft palate (SP) varies from surgery (S) only, radiation therapy (RT) alone, to 
S for the primary cancer and/or neck dissection (ND) combined with postoperative 
radiation therapy (PORT). For RT, there is still considerable debate regarding issues 
such as the optimal boost technique (external- vs. interstitial irradiation radiation 
therapy), planned neck dissection (ND) after previous external beam radiotherapy 
(EBRT), Resection primary tumor and neck nodes followed by postoperative radia-
tion therapy (PORT) and/or the use of (neo)adjuvant vs. concomitant chemotherapy. 
A classic problem is the number of lymph node levels to be dissected in a particular 
PORT case. In the Erasmus MC—Daniel den Hoed Cancer Center, the treatment 
philosophy over the years has been to aim for organ function preservation: that is, 
patients are treated by EBRT preferably followed by a boost by means of an implant. 
Tumors not amenable to brachytherapy (BT) are treated by Surgery (combined 
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resection) followed by PORT or stereotactic body radiotherapy (SBRT). In recent 
years, there has been an increasing interest in reporting side effects; functional out-
come scores and other health related quality of life (QoL) aspects, as well as costs. 
We analyzed our results for Tonsillar and/or soft palate tumors and primary- and 
secondary endpoints have been published in detail [ 11 ]. Good tumor control rates 
were obtained with radiation therapy but accompanied by some adverse effects. 
Dysphagia and xerostomia are both side-effects which should not be underestimated 
[ 12 – 14 ]. It has also been argued that the degree of xerostomia correlates with dys-
phagia experienced by the patient [ 15 ,  16 ]. In order to further decrease the fre-
quency and severity of the side effects, Stereotactic body radiotherapy (SBRT) 
might therefore have a role in radiotherapy of head and neck cancer. 

 In the era of organ (function) preservation, radiotherapy has even replaced sur-
gery with regard to long-term tumor control, cosmesis and quality of life in some of 
the head & neck tumor sites (e.g. the oropharynx). This is undoubtedly due to the 
routine implementation of normal tissue sparing techniques, such as IMRT; they 
play a crucial role in the improvement of dose distributions (with sparing capabili-
ties) and ability to dose-escalate; this is undoubtedly the result of recent technologi-
cal innovations. In recent years noteworthy strategies such as altered fractionation 
and integration of concomitant CHT with RT schedules have emerged [ 17 ,  18 ]. 
Nowadays 4D treatment plans can be generated, enabling dedicated linear accelera-
tors and robotics to deliver with sub-millimeter accuracy highly focused doses of 
radiation to a moving target. When applying radiation therapy in clinic, it is also of 
relevance to exploit the well-conceived radiobiological principles of radiation ther-
apy. Also the introduction of biological treatment planning is of great interest for the 
near future. 

 This chapter focuses on the role for SBRT in head and neck cancer treatment.  

14.2     Stereotactic Body Radiotherapy 

 Potter and colleagues [ 19 ] presented practical guidelines for stereotactic body radia-
tion therapy. The use of multiple fi xed beams delivered by a linear accelerator, and a 
particle beam treatment unit share some common features. For a typical treatment, 
beams converge on a single point in space, the isocenter. Stereotactic localization of 
the lesion using an appropriate imaging modality, such as computed tomography (CT) 
or magnetic resonance imaging (MRI), allows accurate placement of one or more 
isocenters associated with the tumor. Unlike conventional radiation therapy, special 
stereotactic equipment is employed for more accurate tumor localization, planning, 
and actual treatment. The stereotactic equipment can be either frame based or frame-
less. Appropriate accounting of internal organ movement may be required. Imaging, 
planning, and treatment may occur on the same day for single fraction treatments, or 
the treatment could be fractionated into several sessions with larger daily doses of 
radiation than commonly used during conventionally fractionated radiation therapy. 
Strict protocols for quality assurance must be followed. Quality assurance measures 
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are required for the extracranial treatments given inherent organ motion, larger fi eld 
apertures, and often considerably higher doses delivered. In conclusion Potters and 
colleagues state that SBRT requires the coordination of a large and diverse team of 
professionals including the radiation oncologist, medical physicist, and radiologist. 

 While there are many devices available to perform SBRT as described earlier in 
the textbook, the authors have particular experience with the Cyberknife and its use 
has been described in great detail previously [ 20 ]. All systems primarily aim to 
deliver a high biological dose to the tumor and a minimal dose to the surrounding 
normal tissue because of the rapid dose fall-off outside the target volume. Most 
fi ducial based image-guided radiotherapy systems correct for both patient and 
tumor motion during treatment and allows delivery of nonisocentric beams. The 
possibility of direct tracking of the position of a radiopaque (skeletal) target by 
treating head-and-neck cancers (HNC), is a great advantage for these patients [ 21 ]. 
Tumors located under the hyoid require the insertion of fi ducial markers to allow 
accurate localization of the tumor. These markers are placed under general anesthe-
sia by an ENT surgeon or an experienced radiation oncologist. Because of these 
treatment characteristics of the frameless stereotactic body radiotherapy system, 
one might achieve a dose distribution comparable to that achieved with brachy-
therapy planning. This could be of particular relevance for those patients for what-
ever reason not suitable to undergo a standard brachytherapy boost.  

14.3     Diagnostic Investigations 

 Current CT scanning techniques permit detailed examination of the dimensions and 
infi ltration of primary cancers of the head and Neck. However, compared to CT, 
MRI has better soft tissue resolution [ 22 ]. In nasopharyngeal cancer (NPC), MRI 
provides an more accurate defi nition of early invasion beyond the nasopharynx, an 
improved differentiation of the (retropharyngeal) nodes from the primary tumor, 
a more precise assessment of the parapharyngeal space and a by far superior accu-
racy in the assessment of the tumor invasion of the sinus complex. The use of MRI 
in staging of cancer of the NP, for example, is mandatory. In our institution, after 
46 Gy of IMRT, fi ne/thin (1.25 mm) CT slices were obtained in a standard manner 
from the top of the skull to the thoracic inlet.  

14.4     Treatment Volume Defi nition for SBRT 

 Accurate target volume defi nition is of extreme importance for SBRT. The International 
Commission on Radiation Units and Measurements (ICRU) has addressed the issue 
of consistent volume and dose specifi cations in radiation therapy in the ICRU Report 
50, published in 1993 [ 23 ]. The gross target volume (GTV) is defi ned as the gross 
extent of the tumor determined by clinical examination and imaging studies. As 
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elective nodal irradiation is not defi ned with stereotactic radiotherapy, the GTV will 
not encompass any nodes. The clinical target volume (CTV) is the tissue volume that 
contains the GTV and the subclinical microscopic disease. The CTV = GTV in 
SBRT. The Planning Target Volume (PTV) = CTV + 2–3 mm and covers residual posi-
tioning inaccuracies. The radiation oncologist should determine the extent of micro-
scopic extension based on the scientifi c literature knowledge of spread of that 
particular disease and site (including the lymph nodes), and perineural extension. 
Although maximum effort must be put into adequate patient positioning and fi xation, 
the planning target volume (PTV) is defi ned by specifying the margins that must be 
added around the CTV to compensate for the effects of organ, tumor and patient 
movements and inaccuracies in beam and patient setup. Boundaries of gross tumor 
volume (GTV) are based on published atlases, clinical target volume (CTV) and plan-
ning target volume (PTV) of neck levels I-VII and boundaries of potential critical 
normal tissues [ 24 ]. Boundaries of the Neck levels I—VII, partly based on the detailed 
description of the anatomy of the human lymphatic system by Rouviere and on the 
surgical anatomical landmarks as published by Robbins et al. [ 25 ,  26 ]. The landmarks 
were translated unto radiographs [ 27 ] and CT-slices [ 24 ,  28 ,  29 ] for neck levels.  

14.5     Organs at Risk (OAR) 

 The sum of the dose delivered to the OAR during the initial treatment and during 
re-irradiation should not exceed the dose constraints given in equivalent dose in 
2 Gy fractions (EQD2) listed in Table  14.1 .

14.6        Erasmus MC Brachytherapy Experience—Basis 
for SBRT Boost 

 Patients series from 1991 to 2007 treated with brachytherapy (high tumor doses in 
relatively small volumes) were compared with the non-brachytherapy treated 
patients. The standard radiotherapy schedule for oropharyngeal cancer (OPC) at 
the Erasmus MC–Daniel den Hoed Cancer Center consists of 46 Gy of intensity- 
modulated radiotherapy (IMRT) with or without concomitant chemotherapy when 
indicated, followed by a pulsed-dose-rate or high-dose-rate brachytherapy boost 
(BTB; 20–22 Gy). Between 1991 and 2005, a total of 336 patients with primary 
OPC were treated with this protocol at the Erasmus MC–Daniel den Hoed Cancer 
Center, with excellent results. The actuarial 5-year LC, DFS and OS rates were 
signifi cantly better for the BT boost, compared with the non-BT boost (LC 84 % 
vs. 60 %, p < 0.001, DFS 59 % vs. 43 %, p = 0.0004, and OS 64 % vs. 39 %, 
p < 0.001) [ 14 ]. 

 Responses were are also assessed with validated QoL questionnaires (Table  14.2 ). 
In short, best QoL was observed for patients treated with maximal conformality, in 
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   Table 14.1    Overview normal tissue tolerance values   

 Organ  Dose 
 Dose 
(EQD2)  Author(s) 

 Brachial Plexus  Dmax  60 Gy  Emami B, Lyman J, Brown A, et al. (1991) 
 Dmax  66 Gy  Truong MT, Nadgir RN, Hirsch AE, et al. 

(2010) 
 Brain  <55/52  Hasselt (1999), Serre (2007) 

 Dmax  45 Gy  Emami B, Lyman J, Brown A, et al. (1991) 
 Dmax  55 Gy  Armstrong CL, Hunter JV, Ledakis GE, et al. 

(2002) 
 Dmax  72 Gy  Lawrence YR, Li XA, el Naqa I, et al. (2010) 

 Brain Stem  54  Kam (2003) 
 Dmax  54 Gy  Emami B, Lyman J, Brown A, et al. (1991) 
 V60  <1 ml  Debus J, Hug EB, Liebsch NJ, et al. (1999) 

 Chiasm  54/55  Kam (2003), Serre (2007) 
 Cochlea  45/55  Bhide (2006), Bhandare (2000) 

 Dmean  40 Gy  Fleury B, Lapeyre M (2010) 
 Dmean  45 Gy  Bhandare N, Jackson A, Eisbruch A. et al. 

(2010) 
 Constrictor M  Dmean  55 Gy  Levendag PC, Teguh DN, Voet P, et al. (2007) 

[ 14 ] 
 NTCP 25  56 Gy  Eisbruch A, Kim HM, Feng FY, et al. (2011) 
 NTCP 50  63 Gy  Eisbruch A, Kim HM, Feng FY, et al. (2011) 

 Cornea  Dmax  40 Gy  Marchand V, Dendale R (2010) 
 Frontal lobe  <60  Serre (2007) 
 Pituitary  <55  Serre (2007) 
 Lacrimal gland  30  Durkin (2007), Weber (2006) 

 Dmax  35 Gy  Durkin SR, Roos D, Higgs B, et al. (2007) 
 Dmax  40 Gy  Parsons JT, Bova FJ, Mendenhall WM, et al. 

(1996) 
 Larynx  Dmax  64 Gy  Debelleix C, Pointreau Y, Lafond C, et al. 

(2010) 
 Dmean  40 Gy  Debelleix C, Pointreau Y, Lafond C, et al. 

(2010) 
 Lens  8–10/12  Serre (2007), Hein (2005) 

 Dmax  10 Gy  Marchand V, Dendale R (2010) 
 Mandibular bone  Dmax  60–70 Gy  Sargos P, Mamou N, Dejean C, et al. (2010) 
 Mucosa  65–77  Small (2006) 
 Muscle  70  Small (2006) 
 Optic Chiasma  Dmax  50 Gy  Emami B, Lyman J, Brown A, et al. (1991) 

 Dmax  52 Gy  Hoppe BS, Nelson CJ, Gomez DR, et al. (2008) 
 Optic nerve  54  Hoppe (2008) 
 Oral cavity  Dmean  50 Gy  Little M, Schipper M, Feng FY et al. (2011) 
 Parietal lobe  <60  Serre (2007) 

(continued)
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sequential treatments using boost techniques such as brachytherapy, and stereotac-
tic radiation. Chart review revealed that roughly 31 % of patients experienced mod-
erate to severe dysphagia (RTOG grade 3 and 4). When grouped by the boost 
technique BT vs. non-BT, severe dysphagia (problem score of QoL H&N35 with 
swallowing item ≥50) was observed in patients with TF and/or SP tumors in 19 % 
and for BOT tumors in 22 %. For the non-BT group, severe dysphagia was found in 
30 % of the TF/SP tumors and in 47 % for the BOT tumors. A further breakdown of 
the non-BT group with respect to the booster technique used, showed severe dys-
phagia in 42 % for P-O, 25 % for 3DCRT, and 25 % for IMRT. Because of the 
reported dose-effect relationships in HNC, the balance between local control and 
late side-effects deserves specifi c attention. We published before a dose-effect rela-
tionships for normal tissues for swallowing problems (Fig.  14.1 ) [ 14 ,  31 ].

14.7         Toxicity Outcomes 

 Swallowing is a complex action requiring coordination between sensory input and 
motor function of the swallowing apparatus [ 32 ]. Intensifi cation of therapy for head 
and neck cancer in general, either by altered fractionation RT schemes and/or by the 

Table 14.1 (continued)

 Organ  Dose 
 Dose 
(EQD2)  Author(s) 

 Parotid  26  Eisbruch (2003) 
 Dmean  26 Gy  Murdoch-Kinch CA, Kim HM, Vineberg KA, 

et al. (2008) 
 NTCP 
17–26 

 25–30 Gy  Dijkema T, Raaijmakers CP, Ten Haken RK, 
et al. (2010) 

 NTCP 50  39.9 Gy  Dijkema T, Raaijmakers CP, Ten Haken RK, 
et al. (2010) 

 Peripheral nerves  65–77  Small (2006) 
 Dmax  60 Gy  Henriques de Figueiredo B, Huchet A, et al. 

(2010) 
 Pituitary gland  Dmax  30–40 Gy  Bhandare N, Kennedy L, Malyapa RS, et al. 

(2008) 
 Retina  50/55  Monroe 2005, Serre (2007) 

 Dmax  45 Gy  Emami B, Lyman J, Brown A, et al. (1991) 
 Dmax  50 Gy  Monroe AT, Bhandare N, Morris CG et al. 

(2005) 
 Spinal cord  50  Hasselt (1999) 

 Dmax  50 Gy  R.B. Marcus, R.R. Million (1990) 
 Submandibular 
gland 

 Dmean  39  Murdoch (2008) 

 Temporal lobe  <60  Kam (2003) 
 Temporomandibular 
joints 

 60  Serre (2007) 
 Dmax  60 Gy  Emami B, Lyman J, Brown A, et al. (1991) 
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addition of concomitant chemotherapy, results in improved locoregional tumor con-
trol [ 33 – 35 ], and increase of late sequelae, such as dysphagia. In general, the preva-
lence of dysphagia is probably being underreported because of its (sometimes) 
clinically silent nature, but can be as high as 50 % [ 35 – 38 ]. 

 Levendag and colleagues explored the relationships between the mean total dose 
received by the fi ve swallowing muscles to the responses of the three—dysphagia 
related—QoL questionnaires (mean QoL scores; H&N35, PSS, & MDADI), per 
tumor site (i.e. the TF and/or SP or BOT), and per treatment technique (BT vs. 

    Table 14.2    Mean quality of life scores for patient with cancers in the oropharynx treated by RT, 
using different RT boost techniques   

 Boost 
 First series 
(46/2 Gy) 

 QLQ- C30 
global 
health 
status a  

 H&N35 
swallowing b  

 H&N35 
sticky 
saliva b  

 H&N35 
dry 
mouth b  

 H&N35 
pain b  

 IMRT/3DCRT  IMRT/3CRT  72  32  59  67  27 
 Par-Opp  33  50  100  100  25 

 BT  IMRT/3DCRT  74  13  25  38  13 
 Par-Opp  74  26  46  61  18 

 SRT(+CBK)  IMRT/3DCRT  71  15  47  58  26 
 Par-Opp  Par-Opp  59  46  71  77  33 

  From Levendag et al. [ 30 ]; used with permission 
  a QLQ-C30 function scale: high scores = good functions 
  b H&N35 problem scales: high score = more problems  
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  Fig. 14.1    Signifi cant dose-effect relationship for the dysphagia complaint category EORTC H&N35 
item and dose in superior constrictor muscle. Patients can be subdivided in those treated by a brachy-
therapy boost and those treated by 3DCRT boost or by IMRT boost.  BT  brachytherapy,  CBK  cyberknife       
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non- BT) [ 14 ]. One hundred and fi fty fi ve of the 336 patients fulfi lled the criteria and 
were disease free with a minimum follow-up of 1 year. Mean Primary treatment 
sites were Tonsillar Fossa and/or Soft Palate (TF/SP) (n = 108), or Base of Tongue 
(BOT) (n = 47). 119/155 (77 %) of patients were BT, 48 boosted by non-BT tech-
niques, boosted stage III&IV.107 patients. More complaints were reported with 
higher doses, in particular with regard to the superior- and medial constrictor mus-
cles. Figure  14.4  shows an example of the dose-effect relationship computed by 
logistic regression. The steepness of the curve from 60 Gy, can be expressed by 
20 % increase per 10 Gy. We speculate this increase in dysphagia (high dose, no BT, 
bilateral neck irradiation, no ND) has to do with the increase in irradiated volume 
and radiation dose. Xerostomia and dysphagia are also strongly correlated [ 31 ]. The 
treatment regime EBRT (or currently IMRT) combined with a BT boost has been 
applied in our institute preferentially over a great number of years for a variety of 
reasons: with regard to tumor control, HDR/PDR fractionation is given in an accel-
erated fashion with intrinsic dose escalation. A high degree of conformality is 
obtained (accurate CTV delineation, no PTV margin) with rapid dose fall-off. When 
grouped by boost technique (Table  14.2 ), severe dysphagia was observed less when 
BT was used as a boost technique. It is conceivable that such toxicity benefi ts from 
more conformal therapy could be achieved similarly with SBRT.  

14.8     Erasmus MC SBRT Experience 

 Given the limitations of the organ preservation protocol (adverse late side effects 
and costs), improvements of the therapeutic ratio by changing (parts of) the tech-
niques and/or modalities was anticipated. In 2005, an SBRT system (Cyberknife) 
was installed at our institution In the revised organ preservation protocol (Fig.  14.2 ), 
the following basic premises were taken into consideration:

•     Since only 6 recurrences (4 %) were observed in the 149 electively treated CL necks, 
and no relapses were seen in the 29 non-treated CL necks, we suggest not to treat the 
contralateral neck, unless either the tumor extends beyond the midline of the soft 
palate (uvula) and/or invades a signifi cant part of the ipsilateral base of tongue  

•   With the currently available CT-based neck level defi nitions, more conformal 
contours, that is tighter boundaries, around the CTV can be designed [ 24 ]. This 
way critical structures can be avoided more easily.  

•   Because of a number of conditions, some patients are non-eligible for BT, e.g.:

 –    Patients with extensive, bulky tumors at the time of the implant  
 –   Tumors encroaching upon the ascending ramus of the mandible  
 –   Diffi cult to implant cavities (tonsillar fossae) after a recently performed 

tonsillectomy  
 –   Tumors with parapharyngeal extension  
 –   Patients non-eligible for surgery [i.e. anaesthesia] per se,  
 –   Patients refusing surgery.       

14 Stereotactic Body Radiotherapy in Head and Neck Cancer



262

Patient intake
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Soft palate / Base of tongue

(oropharynx)
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Invasion base of tongue,
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Ipsilateral neck Bilateral neck

T3, 4, N2c, N3
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  Fig. 14.2    Flow chart of oropharyngeal cancer treatment at the Erasmus MC–Daniel den Hoed 
Cancer Center.  BT  brachytherapy,  CT  computed tomography,  HDR  high-dose rate,  IMRT  intensity- 
modulated radiotherapy,  IRT  interstitial radiation therapy,  MRI  magnetic resonance imaging,  PET  
positron emission tomography,  PDR  pulsed-dose rate,  TD  total dose,  PA  pathology       
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 Some of the patients not eligible for brachytherapy or surgery can be dealt with 
in principle by using the Cyberknife.  

14.9     Overview of SBRT for Primary Head and Neck Cancers 

 Kodani and colleagues [ 39 ] evaluated the effi cacy and safety of stereotactic body 
radiation therapy for patients with head and neck tumors. Included were 34 patients 
treated with Cyberknife of which 21 of them had prior RT. Treatment sites were 
orbit [ 7 ], cervical lymph nodes [ 6 ], nasopharynx [ 5 ], oropharynx [ 4 ] and others 
[ 12 ]. The prescribed dose ranged from 20 to 42 Gy (median, 30 Gy) in 3–8 fractions 
for consecutive days. The target volume ranged from 1 to 78 cm [ 3 ] (median, 
11.6 cm [ 3 ]) and the median follow-up was 16 months. The authors reported that 
treatment was well tolerated without signifi cant acute complications in any cases. 
Complete response rate and partial response rate were 32 and 39 %, respectively. 
The overall survival (OS) rates were 71 and 58 % at 12 and 24 months, respectively. 
The OS was better in patients without prior radiotherapy within the previous 
24 months or in case of smaller target volume. Six patients suffered severe late 
complications which all had prior radiotherapy, and two of them developed massive 
hemorrhage in the pharynx and both died of this complication fi ve and 28 months, 
respectively, after SBRT. The authors suggest that SBRT is an effective treatment 
modality for head and neck tumors, however, re-irradiation has signifi cant risk of 
severe and even fatal late complications in the form of necrosis and hemorrhage in 
re-irradiated areas. Hara and colleagues [ 40 ] determined long-term outcomes in 82 
patients receiving SBRT as a boost following external beam radiotherapy for locally 
advanced nasopharyngeal carcinoma between September 1992 and July 2006. Nine 
patients had T1, 30 had T2, 12 had T3, and 31 had T4 tumors. Patients received 
66 Gy of EBRT followed by a single-fraction SBRT boost of 7–15 Gy, delivered 
2–6 weeks after EBRT. Seventy patients also received cisplatin-based CHT deliv-
ered concurrently with and adjuvant to RT. Only 1 local failure in a patient with a 
T4 tumor at a median follow-up of 40 months was described. At 5 years, the free-
dom from local relapse rate was 98 %, freedom from nodal relapse 83 %, freedom 
from distant metastasis 68 %, freedom from any relapse 67 %, and overall survival 
69 %. Late toxicity included radiation-related retinopathy [ 3 ], carotid aneurysm [ 1 ], 
and radiographic temporal lobe necrosis (10 patients), of whom 2 patients were 
symptomatic with seizures. Of 10 patients with temporal lobe necrosis, 9 had T4 
tumors. The authors concluded that SBRT boost after EBRT provides excellent 
local control for patients with nasopharyngeal cancer although better systemic ther-
apies for distant control are needed. 

 Kawaguchi and colleagues [ 41 ] published on the effect of SRT on local control 
and organ preservation in cases of primary squamous cell head and neck cancer. In 
this retrospective study, 14 patients with a mean age of 73 years were treated 
between March 2006 and September 2007 with SRT. The staging consisted of T2 
[ 5 ], T3 [ 3 ], T4 [ 6 ], N0 [ 13 ], and N1 [ 1 ]. Marginal doses were 35–42 Gy in 3 or 5 
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fractions. Signifi cant tumor reduction was noted at the third month of follow-up 
with 5 complete responses and 9 partial responses. At a mean follow-up of 36 months 
the LC and OS rates were 71 % (10/14) and 79 % (11/14), respectively. The authors 
concluded that it is feasible to use SBRT for primary HNC and its potential benefi t 
in LC and organ preservation. 

 Al-Mamgani and colleagues prospectively assessed the outcome and toxicity of 
frameless stereotactic radiotherapy (SRT) as a treatment option for boosting pri-
mary oropharyngeal cancers in 51 patients (stage T1–T4N0–N + oropharynx) who 
were not suitable for brachytherapy boost [ 42 ]. In 29 patients technically not suit-
able for implantation (56 %), 9 patients (18 %) were medically unfi t to undergo the 
procedure of BT because of major comorbidity, in 4 patients (8 %) BT was done 
because of logistical problems, and in 9 patients (18 %) because of a combination 
of the above-mentioned factors. They received SBRT boosts (3 fractions of 5.5 Gy), 
prescribed to the 80 % isodose-line enclosing 100 % of the CTV and at least 95 % 
of the PTV, after an accelerated scheme of 46 Gy IMRT to the primary tumor and 
neck (when indicated) in 2 Gy fractions daily. The planning treatment volume 
(PTV) included a margin of 3 mm beyond the CTV to account for different target-
ing uncertainties. The boost to the primary tumor consisted of 3 fractions given 
within 1 week on each consecutive day, for instance, directly after completion of the 
fi rst part of the treatment with 46 Gy of IMRT within a median overall treatment 
time of 32 days. Treatment duration varied between 45 and 60 min, depending on 
the number of beams used and the patient’s compliance in fi nishing the treatment 
without interruption. The RT was combined with concomitant chemotherapy in 
patients with T3/T4 and/or 2c/N3 tumors (Fig.  14.2 ). The median age of the inves-
tigated group was 60 years with oropharyngeal cancer situated in the tonsillar fossa 
in 49 %, with T2 tumors in 53 %, and node-negative in 65 % of the patients. After 
a median follow-up of 18 months, the 2-year actuarial rates of LC, DFS, and OS 
were 86, 80, and 82 %, respectively, and the 3-year rates were 70, 66, and 54 %, 
respectively (Fig.  14.3 ). The overall 2-year cumulative incidence of grade ≥2 late 
toxicity was 28 %. Of the patients with 2 years with no evidence of disease (n = 20), 
only 1 patient was still feeding tube dependent and 2 patients had grade 3 xerosto-
mia. Complete response was achieved in 49 patients (96 %) and partial response in 
2 patients (4 %). Both patients with partial response had T3 and T4 disease, but 
could not receive chemotherapy in combination with radiotherapy because of 
comorbidities, and have developed a local recurrence after 5 and 6 months. Among 
all patients, 7 events (5 local recurrences, 1 regional recurrence, and 1 distant metas-
tasis) were reported. Two patients were salvaged successfully with surgery (one 
local and one regional recurrence) and, at the time of writing, are still alive with no 
evidence of disease progression. Four patients with local recurrences and the patient 
with distant metastasis eventually died of their disease. Three other patients died of 
intercurrent disease or second malignancy without any evidence of relapse. Patients 
with T1/T2 disease had better LC than patients with T3/T4 (1 vs. 4 local recur-
rences, respectively; p = 0.08). The most serious acute toxicities were grade 3 dys-
phagia (feeding tube dependent) in 45 %, grade 3 mucosal toxicity (confl uent 
mucositis) in 25 %, and grade 3 skin toxicity (moist desquamation) in 16 % of the 
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patients (Table  14.3 ). Seven patients (14 %) required hospitalization (5 days (range, 
2–16 days)) during treatment because of severe mucositis, dysphagia, and weight 
loss [ 5 ], neutropenic fever [ 1 ], or intercurrent infection [ 1 ]. Tumor stage, tumor 
involving the base of tongue, the use of chemotherapy, and bilateral neck irradiation 
were signifi cant predictors for the need of tube feeding at univariate analysis 
(Table  14.4 ). At multivariate regression analysis, only chemotherapy and bilateral 
neck irradiation remain signifi cant within the multivariate model; the corresponding 
odds ratios were 12.5 and 9.6, respectively. No grade 4 or 5 late toxicity was seen 
in the 50 patients with a minimum event-free follow-up of 6 months and in 32 
patients with a minimum event-free follow-up of 12 months. The 2-year cumulative 
incidence of grade ≥2 late toxicity was 28 %. At 6 months, 2 patients reported grade 
3 xerostomia and dysphagia; 1 of these patients had the feeding tube in place 2 years 
post treatment (Table  14.5 ). The 2-year cumulative incidence of grade ≥2 dyspha-
gia and xerostomia was 15 and 28 %, respectively. No cases of trismus, bone, or 
soft- tissue necrosis were reported. Al-Mamgani and colleagues concluded that 
patients with oropharyngeal cancer who are not suitable for BT boost could safely, 
and effectively receive boosts by SBRT. Given the high fraction size (5.5 Gy) and 
the shorter overall treatment time in patients treated with SBRT (median overall 
treatment time, 32 days), compared with those treated with an IMRT boost at 
Erasmus MC with an accelerated schedule of 6 fractions per week (median overall 
treatment time, 42 days), the total biologically equivalent doses in 2 Gy/fx of the 
schedule used in the study (46 Gy of IMRT followed by 16.5 Gy with SBRT) would 
be 73 Gy. The treatment outcomes are fairly comparable to those in oropharyngeal 
cancer patients who received boosts by BT at our institution (87, 74, and 80 %, 
respectively) but compare favorably to those in oropharyngeal cancer patients 
treated with IMRT or 3DCRT boost (64, 52, and 60 %) [ 43 ,  44 ]. Teguh and col-
leagues reported grade 3 and 4 dysphagia from chart review in 24/132 (18 % of the 
patients treated with IMRT or 3DCRT [ 19 ], compared to the 2-year cumulative 
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incidence of grade ≥2 dysphagia and xerostomia of 15 and 28 %, respectively in 
Al-Mamgani’s study. The dose conformality afforded by the use of SBRT and 
reduced CTV)/PTV margins (from 5 mm for IMRT planning to 3 mm for Cyberknife 
planning) do seem to have a substantial effect on the dose received by the swallow-
ing muscles and parotid glands, which could explain the reduced late toxicity in 
patients treated with SBRT, as opposed to those treated with an IMRT or 3DCRT 
boost [ 19 ]. In patients treated with SBRT, the mean dose to the swallowing muscles 

  Table 14.3    Acute radiation toxicity 
Erasmus SBRT Boost experience, 
scored according to Common 
Terminology Criteria for Adverse 
Events version 3.0 (CTCAE) (N = 51)  

 Acute side effects  No. of patients (%) 

 Dermatitis 
  Grade 2  30 (59 %) 
  Grade 3  8 (16 %) 
 Mucositis 
  Grade 2  31 (61 %) 
  Grade 3  13 (25 %) 
 Salivary gland changes 
  Grade 2  10 (19 %) 
  Grade 3  0 
 Dysphagia 
  Grade 2  20 (39 %) 
  Grade 3  23 (45 %) 
 Pain 
  Grade 2  16 (31 %) 
  Grade 3  0 
 Taste alteration 
  Grade 2  15 (29 %) 
  Grade 3  0 
 Nausea 
  Grade 2  5 (10 %) 
  Grade 3  0 

   Table 14.4    Results of logistic regression analysis for the correlation between different patients’ 
characteristics and the incidence of acute grade 3 dysphagia (feeding tube dependent)—erasmus 
SBRT boost experience   

 Patient characteristics 

 Univariate analysis  Multivariate analysis 

 OR  p  OR  p 

 Age  1.09  0.87 
 Sex  2  0.28 
 Tumor stage  3.9  0.02  0.7 
 Involvement of BOT  3.2  0.05  0.9 
 Chemotherapy  20.7  0.006  12.5  0.02 
 Bilateral neck irradiation  16.5  0.01  9.6  0.04 

   Abbreviations :  BOT  base of tongue,  OR  odds ratio 
 Signifi cant  p  values are indicated in boldface type  
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was reduced on average by 20–25 % and the mean dose to the contralateral parotid 
gland by 15 %. The lower incidence of dysphagia in Al-Mamgani’s group of patients 
might also be partly attributed to the reduced incidence of xerostomia in patients 
who received boosts with SBRT, as dysphagia-related complaints have been shown 
to increase signifi cantly in patients with reduced production of saliva after chemo 
(radiation) [ 19 ,  22 ]. Uno and colleagues published a retrospective study of initial 
results of a Cyberknife boost for tumors in the head and neck area with ten patients 
[ 45 ]. A variety from 9 to 16 Gy in 3–4 fractions was given. They found in three 
patients local progression when 50 Gy + 15 Gy (4 fraction), 50 Gy + 14 Gy (4 frac-
tion), and 40 Gy + 16 Gy (4 fraction) was used. All progressions were within the 
CTV of SBRT boost. Dose escalation and/or change in the fractionation schedule in 
the SBRT boost component is proposed. They reported no grade 3 or worse toxicity 
directly attributable to the SBRT boost.

14.10           Recurrent Head and Neck Cancer 

 For patients with recurrent head and neck cancer, treatment of choice is salvage 
surgery with or without postoperative (chemo-) re-irradiation [ 46 ,  47 ]. However, for 
the majority of patients surgery is not feasible because of tumor location and extent, 
medical contra-indications, patient refusal, comorbidity, and extensive disease 
located near critical structures. Janot and colleagues compared salvage surgery and 
wait and see groups for toxicity. At 24 months after randomization, 39 % with grade 
3 or 4 late toxicity was found in the salvage surgery with chemo-radiation arm, 
compared to 10 % in the wait and see arm (surgery alone) (p = 0.06). The main grade 

   Table 14.5    Late radiation toxicity, scored according to common terminology criteria for adverse 
events version 3.0 (CTCAE), in patients with a minimum event-free follow-up of 6 and 12 months—
erasmus SBRT boost experience   

 Late side effects 

 6 months ( n  = 50)  12 months ( n  = 32) 

 No. of patients (%)  No. of patients (%) 

 Dysphagia 
  Grade 2  7 (14 %)  4 (12 %) 
  Grade 3  2 (4 %)  1 (3 %) 
 Xerostomia 
  Grade 2  10 (20 %)  7 (22 %) 
  Grade 3  2 (4 %)  2 (6 %) 
 Mucosal ulceration 
  Grade 2  4 (8 %)  1 (3 %) 
  Grade 3  0  0 
 Skin and subcutaneous tissue 
  Grade 2  9 (18 %)  6 (19 %) 
  Grade 3  0  0 
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3 and 4 late toxicities were sclerosis, trismus, and osteoradionecrosis [ 46 ]. Disease- 
free survival (DFS) was signifi cantly improved in the RT arm, with a hazard ratio of 
1.68 (p = 0.01), but overall survival was not statistically different. Janot and col-
leagues concluded that full-dose re-irradiation combined with chemotherapy after 
salvage surgery signifi cantly improved DFS, but had no signifi cant impact on OS, 
and an increase in both acute and late toxicity was observed. Because of the poor 
results of conventional external re-irradiation, other techniques of re-irradiation 
have been employed for locally recurrent NPC, such as stereotactic radiosurgery. In 
this section an overview of literature will be given regarding BT and SBRT in recur-
rent head and neck cancer as limiting the re-irradiated volume by using SBRT may 
reduce treatment related toxicity. 

 To date for recurrent head and neck cancer, depending on the location and extent 
of the tumor, there are several treatment options: Brachytherapy is a treatment of 
choice due to the rapid dose fall off outside the treatment volume and the typically 
short treatment time [ 31 ]. However some patient groups are not eligible for BT (e.g. 
patients medically unfi t, patient refusal, T4 tumors and//or extensive parapharyn-
geal extension). Also BT has to be performed in skilful, well-trained hands as BT 
remains an extremely gratifying technique for applying high doses of radiation for 
small-volume disease with highly conformal and accelerated properties. Hammerlid 
and colleagues [ 48 ] reported a prospective QoL study of patients with oral and pha-
ryngeal carcinoma treated with external beam irradiation with or without BT. Most 
symptoms were at their peak 2 or 3 months after the start of treatment. Nutrition and 
pain were found to be the major problems, and as many as 19–40 % reported psy-
chiatric distress. Patients who received additional BT did not report any increase in 
QoL problems except for pain compared with those who had external radiation only. 
QoL does not seem to be affected by the increased local radiation dose given when 
BT is included in the treatment regimen. Although brachytherapy has a potential to 
cure oral, oropharyngeal, nasopharyngeal, and lymph node recurrences [ 47 ], only 
superfi cial small tumors can be treated, and the number of experienced institutions 
is limited. 

 Similar to brachytherapy, hypofractionated stereotactic body radiotherapy 
(SBRT) may have the potential for curative or palliative treatment due to its preci-
sion and conformality. However, more severe late adverse reactions are anticipated 
with re-irradiation than with initial RT. External radiotherapy with or without con-
comitant chemotherapy is the one of the few potentially curative options left for 
patients with recurrent HNC disease who are inoperable and unsuitable for BT. The 
fi rst multi-institutional RTOG 9610-trial of re-irradiation and chemotherapy for 
unresectable recurrent squamous cell carcinoma of the head and neck was reported 
by Spencer and colleagues [ 49 ]. Four weekly cycles of 5-fl uorouracil 300 mg/m 2  
IV bolus and hydroxyurea 1.5 g by mouth were used with 60 Gy at 1.5 Gy twice-
daily fractions. The 2- and 5-year survival rates were 15, and 4 %, respectively. 
Langer and colleagues reported the RTOG 99–11 multi-institutional trial with the 
same radiation course but combined it with a daily bolus of cisplatin (15 mg/m 2 ), 
daily paclitaxel infusion (20 mg/m 2 ) and growth factor support during the rest 
week of the treatment cycle [ 50 ]. The overall survival improved to 50 % at 1 year 
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and 26 % at 2 years. While these results are promising for a subset of patients, the 
rate of fatal toxicity ranged from 1 to 12 %. IMRT or SBRT may be promising as 
more conformal doses can be delivered to target volumes. Lee and colleagues [ 51 ] 
used IMRT combined with concomitant chemo-radiotherapy to treat various recur-
rent H&N tumors 74 out of 105 patients. On multivariate analysis, non-nasophar-
ynx and non- IMRT were associated with an increased risk of loco-regional (LR) 
failure. 

 Stereotactic radiotherapy can precisely target and deliver radiation with reduced 
margins surrounding the tumor volume. The fi rst HNC cancer patients treated using 
SBRT were patients with recurrent nasopharyngeal carcinoma and base of skull 
tumors. Treatment consisted of a single fraction of 7–15 Gy [ 43 ,  52 ]. Risk of late 
tissue damage increases with an increase of fraction size, so fractionated schedules 
are used to minimize the risk of complications [ 52 ]. Severe toxicity complications 
commonly reported after stereotactic radiosurgery for recurrent H&N cancer 
include massive epistaxis, nasopharyngeal necrosis, cranial nerve palsies, temporal 
lobe necrosis, carotid aneurysm, retinopathy, and osteoradionecrosis of the skull 
base. Although outcomes of SBRT studies are hard to interpret due to the small 
study sizes, local control varied from 26 % at 2 years to 58 % at 3 years [ 53 ] and a 
OS of 22 % at 2-years to 31 % at 5-years. Roh and colleagues [ 52 ] reported a 43 % 
complete response rate after 18–40 (median, 30) Gy in 3–5 fractions in 36 patients 
with recurrent HNC (nasopharynx [ 8 ], maxillary sinus [ 8 ], neck lymph nodes [ 8 ], 
skull base [ 7 ], nasal cavity [ 4 ], retropharyngeal lymph nodes [ 3 ], orbit [ 2 ], and oth-
ers [ 4 ]) who underwent re- irradiation with Cyberknife. Thirteen sites (37 %) 
achieved a partial response, 3 (9 %) sites maintained stable disease, and four sites 
(11 %) showed tumor progression. One- and 2-year local recurrence free survival 
rates were 61 and 52 %, respectively. One- and 2-year OS rates were 52 and 31 %, 
respectively. After a median follow-up of 17.3 months, grade 3 acute toxicity was 
reported in 13 patients and late toxicity (bone necrosis, soft issue necrosis) in 3 
patients. Le and colleagues [ 54 ] reported 100 % LC and 71 % DFS at 3 years in 
patients with nasopharyngeal cancers who received boosts with SRT after 66 Gy of 
conventional RT. Chua and colleagues [ 55 ] reported a 5-year overall survival rate of 
47 % in 48 patients treated by stereotactic radiosurgery with a median dose of 
12.5 Gy to the target periphery. Neuro-endocrine complications occurred in 27 % of 
patients but there were no treatment- related deaths. The time interval from primary 
RT, rT stage, prior local failures and tumor volume were signifi cant predictive fac-
tors for LC and/or survival, and with these a radiosurgery prognostic scoring system 
was designed. Five- year local failure-free probabilities in patients with good, inter-
mediate and poor prognostic scores were 100, 43, and 10 %, respectively. The cor-
responding 5-year overall survival rates were 100, 51, and 0 % [ 55 ]. 

 Combining stereotactic radiosurgery with high-dose-rate brachytherapy might 
improve survival because the single large dose of radiosurgery may increase tumor 
cell kill overcoming the inherent radioresistance of cells according to Suarez and 
colleagues [ 56 ]. Low and colleagues [ 57 ] treated 36 patients with local recurrent 
nasopharyngeal cancer in stage rT1–T2 with a schedule of 18 Gy followed by two 
separate fractions of 6 Gy each by intracavitary BT. The actuarial 5-year DFS and 
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OS were 57 % (78 % for rT1, and 39 % for rT2) and 62 % (80 % for rT1, and 48 % 
for rT2), respectively. However, 44 % of patients had late complications, including 
cranial nerve palsies (20 %), temporal lobe necrosis (8 %), and osteoradionecrosis 
of the skull base (17 %). A matched cohort study to select patients with similar 
characteristics treated by stereotactic radiosurgery (median dose 12.5 Gy) or intra-
cavitary irradiation (total dose of 60 Gy) was published by Chua and colleagues 
[ 58 ] in 74 patients with local nasopharyngeal cancer failure. The 3-year local fail-
ure free rate was 78 % for the radio-active gold grain implantation group compared 
with 68 % for the stereotactic radiosurgery group, whereas the OS rate was better 
in the stereotactic radiosurgery group (3-year survival rate of 77 vs. 66 %), but not 
statistically signifi cant. Also, when the impact of tumor volume on treatment out-
come was adjusted, no difference in tumor control was observed between the two 
groups, suggesting that both salvage treatments have comparable effi cacy. The inci-
dence of complications was also similar but complications in the stereotactic radio-
surgery group were more severe (22 % of neuro-endocrine complications, 13 % of 
brain necrosis, 5 % of cranial neuropathy, 5 % of pituitary insuffi ciency, and severe 
 hemorrhage from a carotid artery aneurysm in one patient vs. 30 % of headaches, 
16 % of palatal fi stula, and 13 % of neuro-endocrine complications in the brachy-
therapy group) [ 58 ]. Pai and colleagues used stereotactic radiosurgery as a boost 
after re- irradiation with external beam for recurrent nasopharyngeal cancer and 
published an overall 5-year survival rate of 31 % [ 53 ]. The relatively high risk of 
severe late complications indicates that careful patient selection and treatment 
planning are required. Kocher and colleagues [ 59 ], treated eight patients with 
recurrent NPC by stereotactic radiosurgery where three patients died of carotid or 
cerebral hemorrhage after stereotactic radiosurgery using a dose of 15–24 Gy, two 
patients developed cerebral edema in temporal lobes, and one developed cranial 
neuropathy. Tumors involving Rosenmueller’s fossa and invading deeply to the 
foramen lacerum are the most important predisposing factor in fatal hemorrhage 
according to Xiao and colleagues [ 43 ]. In their group a fatal carotid artery hemor-
rhage was the cause of death in 33 % of patients with recurrent NPC treated with 
fractionated stereotactic radiotherapy. According to Lee and colleagues, the large 
doses per fraction used in most series on stereotactic radiosurgery may cause the 
relatively high rates of late complications [ 51 ]. Compared with stereotactic radio-
surgery using single fractions of high-dose irradiation, fractionated stereotactic 
radiotherapy may be superior in terms of tumor control and protection of normal 
tissues and organs surrounding the target [ 56 ]. Based on these principles, 56 
patients with recurrent NPC in the series of Wu and colleagues received fraction-
ated SRT with a median dose of 48 Gy in 6 fractions [ 60 ]. Three-year local failure-
free survival, DFS, and progression- free survival rates were 75, 46, and 43 %, 
respectively. Multivariate analysis showed that recurrent disease and large tumor 
volume were independent factors that predicted poorer disease-specifi c survival. 
Seventeen patients developed late complications, including two with fatal hemor-
rhage. Severe late complications occurred in 25 % of patients, and 4 % of patients 
with recurrent disease developed massive hemorrhage in the nasopharynx after 
fractionated stereotactic radiotherapy and died of this complication, and 6 % 
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 developed brain stem necrosis [ 60 ]. Chua and colleagues [ 55 ] reported on 125 NPC 
patients who received salvage SRT comparing single or multiple fractions. The 
median dose was 12.5 Gy in a single fraction by stereotactic radiosurgery, and 
34 Gy in 2–6 fractions by fractionated stereotactic radiotherapy. Local control rate 
was better in the fractionated group although OS rates were similar (3-year overall 
survival rates of 66 and 61 %, respectively). Incidence of severe late complications 
was 33 % in the stereotactic radiosurgery group vs. 21 % in the fractionated stereo-
tactic radiotherapy group, including brain necrosis (16 vs. 12 %) and hemorrhage 
(5 vs. 2 %) [ 61 ]. Vargo and colleagues [ 61 ] report the effi cacy of SBRT in recur-
rent, nonsquamous cell cancers of the head and neck in 34 patients. The patients 
were irradiated to a median dose of 40 Gy in 5 fractions. The 6-month/1-year local 
control rate was 77/59 %, with a 6-month/1-year OS of 76/59 %. Local control was 
signifi cantly improved for tumors <25 mL (p = .030). Acute/late grade 3 toxicity 
was 15/6 %, with no grade 4–5 toxicity. 

 Heron and colleagues [ 62 ] from the same group published results of a phase I 
dose-escalation clinical trial. Twenty-fi ve patients were treated in fi ve dose tiers 
with up to 44 Gy, given in 5 fractions in 2 weeks. Four patients had grade 1 or 2 
acute toxicities. The median time to disease progression was 4 months, and the 
median survival was 6 months. Patient reported quality of life was not signifi cantly 
affected by treatment. Fluorodeoxyglucose PET was a more sensitive early mea-
sure of response to treatment than CT volume changes. The authors concluded that 
re- irradiation with up to 44 Gy using SBRT was well tolerated with no grade 4 or 5 
treatment-related toxicities in the acute setting. Unger and colleagues [ 63 ] reported 
65 patients who received SBRT to the oropharynx [ 13 ], hypopharynx [ 8 ], naso-
pharynx [ 7 ], paranasal sinus [ 7 ], neck [ 7 ], and other sites [ 23 ]. Thirty-eight patients 
were treated defi nitively and 27 patients with metastatic disease and/or untreated 
local disease were treated palliatively. Nine patients underwent complete macro-
scopic resection before SBRT, and 33 patients received concurrent chemoradiation. 
The median initial radiation dose was 67 Gy, and the median re-irradiation SBRT 
dose was 30 Gy (21–35 Gy) in 2–5 fractions. 30 (54 %) had complete, 15 (27 %) 
had partial, and 11 (20 %) had no response. Median OS for all patients was 
12 months. For defi nitively treated patients, the 2-year OS and locoregional control 
rates were 41 and 30 %, respectively. Multivariate analysis showed that higher total 
dose, surgical resection, and nasopharynx site were signifi cantly associated with 
improved LRC; surgical resection and non-squamous histology were associated 
with improved OS. Seven patients (11 %) experienced severe re-irradiation related 
toxicity, including one treatment-attributed death. Yu and colleagues [ 64 ] reported 
275 patients with isolated local failure. Salvage treatment was given to 200 patients 
(73 %) with isolated local failure. One hundred fi fty-nine patients (80 %) received 
re-irradiation (108 EBRT, 44 brachytherapy, and 7 EBRT plus BT), 22 patients 
(11 %) underwent surgery with or without postoperative RT, and 19 patients (9 %) 
were treated with chemotherapy alone. Four patients died of RT complications, and 
one died of chemotherapy toxicity in the absence of active NPC. The 3-year actu-
arial OS for patients with isolated local failure was 74 %. On multivariate analysis, 
advanced initial T classifi cation (hazard ratio [HR], 1.44; p = 0.0006) and the use of 
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salvage treatment (HR, 0.54; p = 0.0038) were independent prognostic factors. 
Patients who had early initial T classifi cation had a more favorable prognosis. 
Subgroup analysis suggests that salvage treatment only prolongs survival in patients 
with T1 to T2 recurrent disease. Seo and colleagues [ 65 ] retrospectively reviewed 
35 patients with locally recurrent NPC treated using Cyberknife. Gross tumor vol-
umes ranged from 3 to 64 ml (median, 8 ml). The prescribed dose of fractionated 
SRT ranged from 24 to 45 Gy (median, 33 Gy) in 3 or 5 fractions. The OS rate, 
local failure-free survival (LFFS) rate, and disease progression-free survival 
(DPFS) rate at 5 years were 60, 79, and 74 %, respectively. Twenty-three patients 
achieved complete response after treatment. Only T stage at recurrence was an 
independent prognostic factor for OS and DPFS. Five patients had severe late tox-
icity (grade 4 or 5). Cengiz and colleagues reported 15 % incidence of lethal bleed-
ing after hypofractionated SRT for carotid rupture syndrome [ 66 ]. Siddiqui and 
colleagues treated 21 recurrent tumor patients with SRT. Radiation doses were 
either single fractions of 13–18 Gy or 36–48 Gy in 5–8 fractions [ 67 ]. The tumor 
control rate at 1 year was 61 % and the median survival time was 7 months. 
Rwigema and colleagues [ 68 ] reviewed 85 patients who received SRT for recurrent  
squamous cell HNC. The mean SRT dose was 35 Gy (range: 15–44 Gy). The mean 
total dose of prior radiation to the primary site was 74 Gy (range: 32–170 Gy). 
Those patients who received SRT <35 Gy had signifi cantly lower local control than 
those with ≥35 Gy at 6 months, median follow- up time (p = 0.014). Thirty four 
percent showed complete response, 34 % partial response, 20 % stable disease, and 
12 % progressive disease. The 1-year and 2-year LC and OS survival rates for all 
patients were 51 and 31 %, and 49 and 16 %, respectively. Overall, the median 
survival for all patients was 12 months (range: 3–51). Treatment was well-tolerated 
with no grade 4 or 5 treatment-related toxicities. Wang and colleagues [ 69 ] reported 
in 1993 excellent salvage outcomes with re-irradiation in recurrent laryngeal can-
cer. Single or a few lymph node recurrences can also be treated by re-irradiation 
using SBRT [ 51 ]. 

 Although there is a high rate of severe complications following re-irradiation, the 
number and severity of complications following surgery, as well as mortality, is 
lower. The potentially lethal side effects should be kept in mind when re- irradiation 
by hypofractionated SRT is considered for treatment. The risk of severe late com-
plications reported earlier are between 20 and 40 % and is related to prior radio-
therapy dose, primary site, retreatment radiotherapy dose, treatment volume, and 
technique. Questionable or unclear resection margins would opt for necessary use 
of postoperative radiotherapy in patients treated surgically; however this may 
increase morbidity and adversely affect the quality of life. Yamazaki and colleagues 
[ 44 ] reported in their review of literature that re-irradiation is a feasible option for 
patients who do not otherwise have treatment options available. Evidently, brachy-
therapy [ 70 ] and stereotactic radiosurgery are attractive options for small-volume 
disease. A practical advantage of hypofractionated SBRT is the shorter duration of 
treatment. The lack of hematological or systemic toxicity permits the inclusion of 
patients in poor general condition. Acute mucositis is temporary and can be man-
aged with supportive medication. 
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14.10.1     Tretament Planning and Prescription 

 For the delivery of IMRT with a conventional linear accelerator, a margin of 5 mm is 
suggested. With current developments in image guided radiotherapy (IGRT), modern 
linear accelerators are equipped with kV imaging devices and cone-beam CT (CBCT). 
With CBCT not only bony anatomy but also soft tissues are visible for matching. When 
comparing IMRT, SBRT and brachytherapy, in principle all three modalities can be 
considered as highly accurate techniques to boost a primary tumor. In the case of a 
tonsillar fossa tumor, if IMRT is performed, 100 % of the dose is prescribed to the PTV, 
using a margin of 5 mm to CTV and 5 mm to PTV (Fig.  14.4 ). If the boost is to be given 
by SBRT, the dose is generally prescribed to 3 mm (PTV) from the GTV2 (=residual 
GTV1 after 46 Gy IMRT), in fact, a much smaller volume. One could conclude that 
because of the smaller margins, in practice one ends up with smaller irradiated tumor 
volumes (Figs.  14.5  and  14.6 ). For a similar tonsillar fossa tumor, because of the differ-
ent techniques available and the way the doses are prescribed, the use of IMRT, SBRT 
and brachytherapy will eventually lead to different dose distributions, with BT and 
SBRT being somewhat more conformal than IMRT [ 31 ] (Figs.  14.5  and  14.6 ).

IMRT

Tumor tonsil

Cyberknife

PTV (5 mm)

PTV 
(5 mm)

0–46/2 Gy Brachytherapy
(single plane implant)

100 %

CTV (5 mm)

PTV (3 mm)

CTV2 (≤GTV1)

CTV2 (≤GTV1)

GTV2

GTV2

GTV2

GTV2

CTV2 (<GTV1)

  Fig. 14.4    Schematic diagram illustrating guidelines delineation of gross target volume ( GTV ), 
clinical target volume ( CTV ) and planning target volume ( PTV ), for a tumor radiated with a boost 
using either IMRT, Cyberknife or HDR brachytherapy. In Erasmus MC, in case of IMRT, the mar-
gin of the CTV is 5 mm around the GTV2. The margin for the PTV is 5 mm around the CTV2. For 
Cyberknife the PTV margin is 3 mm around the GTV2, for Brachytherapy (since the sources are 
moving with the tumor) 100 % of the dose is prescribed to the CTV (no PTV).  GTV1  gross tumor 
volume at the start of treatment,  GTV2  gross tumor volume after a dose of 46 Gy; has been applied; 
 CTV2  clinical target volume after a dose of 46 Gy;        
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  Fig. 14.5    Differences in dose distributions and treated volumes as a consequence of the different 
dose prescriptions, when using IMRT, Cyberknife or brachytherapy (left pane, middle pane and 
right pane respectively)       
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  Fig. 14.6    Dose volume histograms (dvh) for a tonsillar fossa tumor as described in Fig.  14.5  when 
using imrt, cyberknife or brachytherapy       
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     The physical advantage of stereotactic radiation arises from the ability to achieve 
a highly conformal dose distribution and deliver the treatment with high accuracy. 
Several limitations should be considered in such advanced limited fi eld radiother-
apy. Contour delineation is a problem to be resolved, especially in multi-institution 
trials. There is a wide range of deviation in GTV, CTV, and PTV delineation meth-
ods and the prescribed methods, depending largely on the physician’s decision, all 
of which become more important if a limited small fi eld is treated. The BED for-
mula is a useful model for biological comparison of different fractionations, par-
ticularly for adverse reactions. 

 Optimal Dose fractionation is also an evolving fi eld in Head and Neck SBRT. An 
overview of published stereotactic studies is shown in Table  14.6 , many studies 
need longer follow-up and frequently SBRT has been used as a boost for external 
re-irradiation. In the (near) future hyperthermia and protons might have a high 
potential to increase the therapeutic ratio in locally recurrent head and neck cancer 
with improved local control and/or less toxicity (see Sect.  14.11 ).

14.11          Future Directions 

 In Erasmus MC—Daniel den Hoed Cancer Center an ongoing research trial is run-
ning using stereotactic radiotherapy in combination with hyperthermia. Study pro-
tocol for SBRT is 6 × 5.5 Gy, which achieves a biological equivalent dose (BED) to 
the tumor as close as possible to that of the re-irradiation schedule historically used 
at the Erasmus MC. Also the BED for normal tissue is comparably low to that of our 
historical schedule. In total 33 Gy is given using 6 fractions of 5.5 Gy and will be 
delivered in 3 weeks. The fractions are given on day 1, 3, 5, 8, 10 and 12, and a 
maximum of 3 fractions are given in 1 week (Fig.  14.3 ). The dose is prescribed to 
the isodose line covering 95 % of the target volume. Typically this is the 80 % iso-
dose line. The maximum dose to the target volume is defi ned by 100 %. Minimum 
dose is 95 % of the target volume which must receive at least the prescribed dose. 

 Hyperthermia (HT) is known to enhance the therapeutic ratio of treatment resis-
tant recurrences of various tumors including head and neck lymph nodes [ 71 ]. 
Therefore, a higher local tumor control rate without signifi cant increased toxicity is 
expected by combining SBRT and HT. The primary endpoint of the study will be 
toxicity and the secondary endpoint will be local tumor control. Hyperthermia is 
commonly applied using electromagnetic fi elds, whereby the energy is focused to 
the tumor. The tumor absorbs this energy and consequently tumor temperatures 
increase to as high as 44 °C. The effi ciency of this process is normally expressed by 
the specifi c absorption rate (SAR). Hyperthermia enhances the effect of radiation by 
several mechanisms including radiosensitization and direct cytotoxicity [ 72 ]. 
Another important enhancing mechanism of hyperthermia is the increase in blood 
fl ow. Hyperthermia increases blood fl ow to the tumor area, improves oxygenation 
and nutrient supply to the tumor cells thus making them more sensitive to radio-
therapy. As many HNC recurrences are radio- and chemotherapy resistant and 
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toxicity is substantial after concomitant chemoradiation, SBRT and HT could well 
reduce toxicity while achieving an equal or improved local tumor control rate com-
pared with other non-standard treatment such as concomitant chemoradiation. 
These combined treatment modalities may offer patients with recurrent H&N 
tumors a chance of long term survival with less toxicity than the concomitant 
chemoradiation treatment regimens currently used in phase II trials. Technical 
advances in hyperthermia may make it conducive for such an approach [ 73 ,  74 ].     
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    Chapter 15   
 Radiosurgery for Uveal Melanoma 

                Alexander     Muacevic,              Kirsten     H.     Eibl-Lindner,          Christoph     Fürweger,      
    Martin     M.     Nentwich,          Paul     Foerster,          Berndt     Wowra,      and     Ulrich     C.     Schaller    

    Abstract     Uveal melanomas are the most common primary intraocular malignancy. 
In patients with localized disease eye preservation is often sought if feasible. 
Radiation therapy has been used as a local organ preserving treatment for decades. 
Conventional radiation therapy techniques includes plaque brachy therapy and pro-
ton beam radiation. While these are effective, they can be invasive or expensive with 
limited availability. Stereotactic radiosurgery (SRS) and radiotherapy is an evolving 
modality to deliver conformal radiation with the intent towards eye preservation. 

 This Chapter outlines the role SRS in the treatment of uveal melanomas in the 
setting of a large single institution experience with a practical guide on patient 
selection, treatment planning and outcomes assessment. 

  Objective : To analyze the local effi cacy and eye retention rate after frameless, 
image-guided robotic radiosurgery against uveal melanoma. 

  Methods : 200 patients with mainly medium sized and large unilateral uveal 
melanomas (3 % small, 62 % medium, 35 % large) were treated with a frameless 
robotic radiosurgery system. Median age was 61 years (range 32–78 years). All 
patients underwent a single-session procedure beginning with retrobulbar anaesthe-
sia, followed by magnetic resonance imaging (MRI) and computerized tomography 
(CT) scanning that was used for generation of the treatment plan. The tumor dose 
was between 18 and 22 Gy (mean: 21 Gy) prescribed to the 70 % isodose line. 
Three-dimensional treatment planning was aimed at securing the optical lens and 
the optic disc as much as possible. Follow-up occurred at 3, 6, 12, 18 months and 
yearly thereafter with clinical, ultrasound and MRI studies. 

  Results : The median follow up time was 18 months. All patients could be treated 
in the frameless setup within 3 h. The local control after 1, 2 and 4 years was 97.7, 
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92.4 and 77.7 %, respectively. Nineteen of the 200 patients (9.9 %) underwent enu-
cleation because of tumor growth and/or complications (glaucoma, tumor bleeding) 
during the follow up period. 

  Conclusion : Frameless, single-session, image-guided robotic radiosurgery is an 
effective and straight forward treatment option for patients with medium sized and 
large uveal melanoma which are otherwise diffi cult to treat.  

  Keywords     Uveal Melanoma   •   Cyberknife   •   Radiosurgery   •   Frameless  

15.1         Introduction 

 Uveal melanomas comprise of 70 % of all primary intraocular malignancies [ 1 ]. The 
incidence is 6–7 in one million (98.7 % white) population with an overall risk for 
metastasis of 50 % depending on patient age, tumor size and incidence of subretinal 
fl uid, hemorrhage, and extraocular extension [ 2 ]. Patients with metastastasis are living 
longer due to the benefi t of various treatment approaches like partial hepatectomy; 
radiofrequency ablation; ipilumumab immunotherapy; selective internal radiother-
apy; intra-hepatic chemotherapy, possibly with isolated liver perfusion; and systemic 
chemotherapy. The 5-year survival rate is 80 % after surgery or radiotherapy. 

 The most common manifestation of uveal melanoma is in the choroid (85 %) 
followed by the ciliary body (10 %) and the iris (5 %). Although genetic factors like 
loss of heterozygosity (LOH) of chromosome 3 are known to increase the risk of 
metastasis signifi cantly, there is no familial clustering [ 3 ]. Therefore, uveal mela-
noma is not regarded as an inherited disease and displays an equal sex distribution. 
In most cases, only one eye is affected in patients older than 50 years of age. It 
affects in 97.8 % the white population. 

 Different forms of radiation therapy are now used against uveal melanoma, replac-
ing enucleation as the treatment of choice. Surgery is still used for tumors of large size 
(prominence over 10 mm) Fractionated proton radiation therapy, radioactive eye 
plaques, conventional LINAC radiotherapy and frame-based radiosurgical techniques 
have been described and shown to be effective for local tumor control [ 4 – 27 ]. 

 For small and medium-sized uveal melanoma, ophthalmic plaque radiotherapy is 
a safe and effective treatment using ruthenium 106 (most cases; beta irradiation), 
iodine 125 (photon emission) or palladium 103 (photon emission) as radioactive 
isotopes for therapy. However, for precise placement of the plaque, eye muscles 
often have to be detached temporarily and the patient needs to stay isolated in the 
hospital for several days depending on the duration of brachytherapy. Alternative 
treatment methods include transpupillary thermotherapy and photodynamic therapy 
which can be considered for small-size melanoma located at the posterior pole close 
to the optic nerve or the macula. However, longterm results have not been convinc-
ing for TTT or PDT as a single treatment approach, but in combination with plaque 
brachytherapy they might be promising [ 28 ]. 
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 Single-session radiosurgery using frame-based Gamma Knife® (Elekta AB, 
Stockholm, Sweden) technology has been used during the last decade to treat mid-
dle- to large-size tumors as an alternative to complete removal of the eye [ 22 – 24 , 
 29 ,  30 ]. Different methods of eye-tracking and diverse fi xation techniques, along 
with the stereotactic head frame application have been described to keep the eye 
immobile for the duration of treatment [ 30 ]. These diffi cult, and for the patient, 
highly bothersome techniques challenge somewhat the defi nition of “minimally 
invasive treatment”. 

 Today, with the availability of frameless robotic radiosurgery technology, we are 
able to apply a treatment modality without any eye fi xation or frame application. 
Using local retrobulbar anaesthesia and an image-guided robotic radiosurgery sys-
tem, a minimally invasive radiosurgical treatment can be delivered [ 31 ,  32 ].  

15.2     Indications for SBRT Treatment (I.E Case Selection 
and Exclusions) 

 SRS or SBRT is used predominantly for tumors of medium and large size not suit-
able for brachytherapy (tumor height >6 mm, tumor base >19 mm). Recently also 
smaller tumors underwent SRS in our centre for patients not willing to undergo 
brachytherapy which requires surgical intervention with implantation and explanta-
tion of the radioactive plaque.  

15.3     Radiosurgery Treatment Process 

 Radiosurgery is an alternative method when the size and location of the tumor is not 
amenable for brachytherapy or because of the patients’ wish to avoid primary enu-
cleation. Table  15.1  shows the main treatment techniques for uveal melanoma. In 
selected cases patients may undergo radiosurgery after prior unsuccessful brachy-
therapy to the target lesion.

   All patients need to be evaluated by an ophthalmologist and a specialized radia-
tion oncologist for eligibility of treatment. The following standard outpatient proce-
dure we developed in our centre is recommended: 

   Table 15.1    Treatment options uveal melanoma   

 Small melanoma (<6 mm)  Medium/large melanoma (≥6 mm) 

 Brachytherapy 106 Ru  Eye enucleation 
 Transpupillary thermotherapy  Cyberknife radiosurgery 
 Proton beam therapy  Gamma Knife radiosurgery 

 Brachytherapy 125 iodine 
 Proton beam, helium ions therapy 
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 Patients are positioned on the computed tomography (CT) couch and standard 
retrobulbar anesthesia with goal of complete akinesia of the globe within the orbit 
is applied. The volume of anesthesia is dependent on the volume of the orbit and is 
typically between 10 and 15 ml. Suturing of the rectus muscles as described seems 
not to be needed anymore. A contrast-enhanced CT of the head with 1-mm slice 
thickness and a 1 mm T2 MRI of the orbit is performed after retrobulbar 
anesthesia. 

 Based on the fused CT and MRI sequences, the target volume is defi ned by the 
ophthalmologist and the radiosurgeon, and the treatment plan is generated. In all 
cases, the tumor is covered completely by the 70 % isodose line. We add a 1 mm 
margin to the target volume to all directions and 2 mm to the posterior tumor border 
(Fig. dose plan uvea). This is done to compensate for possible posterior movement 
of the eye bulb after retrobulbar anesthesia. After the planning procedure, the treat-
ment plan is loaded for treatment delivery. Single-session radiosurgery follows 
immediately after the plan generation is fi nalized. Radiation is delivered in a single 
fraction for all cases using 18–22 Gy to the prescription isodose (70 % in the case 
of Cyberknife) depending on the size and location of the tumor. After radiosurgery 
the patient is discharged. Typically there are no signifi cant acute toxicities to be 
expected. Depending on the size and location of the tumor late side effects can 
develop several weeks or months after treatment with rubeosis, glaucoma or cata-
ract. A secondary glaucoma is the late toxicity most often encountered. About 25 % 
of patients will develop a secondary glaucoma 3–60 months (mean 21 months after 
SRS). These side effects are highly individual and also depend on the individual 
radiation sensitivity of the patient. 

 Clinical and imaging follow-up will be performed 3, 6, 12 and 18 months after 
the treatment using standardized A- and B-scan ultrasound and a 1 mm T2 MRI for 
evaluation of local control. Tumor control is defi ned as either continuous regression 
of the tumor or no further progression.  

15.4     Results 

 We used this method to treat 200 patients with uveal melanoma. The mean fol-
low- up for these patients was 18 months. All patients were treated in one treat-
ment session comprising of retrobulbar anaesthesia, CT and MRI imaging, 
treatment planning and treatment application within 3 h after start of the anaes-
thesia. The local control after 1, 2 and 4 years was 97.7, 92.4 and 77.7 %, respec-
tively. Treatment parameters as well as dose to the lens of the affected and 
contralateral eye and point dose to the optic disc of our fi rst 20 Cyberknife patients 
are shown in Table  15.2 .

   The median maximum apical tumor height according to standardized A-scan 
ultrasound before treatment was 8 mm (mean 7.9 mm ±2.6 mm) compared to 5 mm 
(mean 5.4 ±2.1 mm) at the last follow-up examination (p < 0.1) (Figs.  15.1  and 
 15.2 ). The visual acuity decreased in most patients over time, typically between 6 
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and 24 months after radiosurgery. The median refl ectivity signifi cantly increased 
during the follow-up period from 42 to 71 % (p < 0.01). Nineteen patients needed 
enucleation due to tumor re-growth after radiosurgery (9.5 %). Two patients where 
successfully retreated by radiosurgery.

15.5         Discussion 

 Different kinds of therapeutic options exist today for the treatment of uveal mela-
noma. However, enucleation has remained the gold standard therapy for the condi-
tion for many years [ 19 ]. Eye conservation is achieved by several techniques, with 
proton or other heavy charged particle therapies, and episcleral radionuclide plaque 
therapy being among the most commonly used [ 7 – 11 ]. Adams et al., for example, 
found no statistically signifi cant survival difference in 223 patients treated with 
brachytherapy compared to 416 patients who underwent enucleation [ 4 ]. Useful 
vision is usually preserved mainly in cases in which tumors are located in a relatively 
favorable location with respect to the optic disc or macula. Stereotactic radiosurgery 
(SRS) and fractionated stereotactic radiotherapy (FSRT) are gaining wider accep-
tance in the medical community as the clinical data mature, and published evidence 

   Table 15.2    Dose parameters fi rst 20 patients of the Munich series   

 Patient nr.  Dose  Isodose 
 Dmax lens 
affected eye (Gy) 

 Dmax lens contralat-
eral eye (Gy) 

 Point dose optic disk 
affected eye (Gy) 

 1  20  75  4.8  0  19.7 
 2  18  70  20.9  1.2  3.5 
 3  20  70  1.7  0.2  27.3 
 4  20  75  24.3  0  18.3 
 5  18  65  20.3  0  4.7 
 6  22  70  1.7  1.7  10 
 7  19  70  20.3  0  6 
 8  21  70  1.2  0.3  13.1 
 9  18  60  13.8  0  17.2 
 10  17  70  20.3  0.2  8.1 
 11  19  70  4.5  0.3  23.2 
 12  18  70  1.6  0.8  14.9 
 13  18  70  2.5  0.6  12.3 
 14  18  70  9.1  1.2  22.6 
 15  20  70  Blind  0.3  Blind 
 16  20  70  24.5  0.4  3.3 
 17  19  70  7.8  0.4  3.7 
 18  18  70  1.9  0.6  23.4 
 19  18  70  11.3  0.2  4.3 
 20  20  70  10.1  0.6  23.6 
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shows this non-invasive treatment option to be reasonably safe and effective [ 1 ,  12 –
 19 ] SRS requires immobilization of the eye in order to accurately plan and deliver the 
high-dose treatment. Most centers use a stereotactic frame (frame- based stereotactic 
radiosurgery), retrobulbar anesthesia and suturing of 2-4 rectus muscles. Others have 
described suction fi xation devices for radiosurgical ocular treatments [ 29 ]. 

a

c

b

  Fig. 15.1    ( a ) T2 MRI sequence showing large Uveal Melanoma on the temporal right eye with 
associated retinal detachment. ( b ) Follow up after 9 months shows signifi cant tumor volume reduc-
tion and reversible retinal detachment. ( c ) Follow up after 18 months displays complete regression 
of the melanoma       
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 In our previous studies, akinesia of the eye after retrobulbar anesthesia and the 
induced proptosis lasted for at least 3 h in all of more than 200 treated cases, as 
shown by MRI studies before and immediately after the radiosurgical procedure 
[ 23 ,  24 ]. There was no signifi cant soft tissue volume change during this time frame. 
Therefore, we concluded that retrobulbar anesthesia alone was suffi cient for a time 
frame of at least 3 h and that no other additional eye-bulb immobilization devices 
were needed. This fi nding opened the possibility of carrying out the radiosurgical 
procedure without the highly invasive step of eye-immobilization and led us to 
develop the sequence of procedures described in this chapter. 

 We describe here a novel and minimally invasive treatment paradigm using fra-
meless robotic SRS to treat uveal melanoma of the eye. We demonstrated that this 
treatment option was feasible for treating mid-size and large uveal melanomas 

a b

c d

e f

  Fig. 15.2    ( a ,  b ) Fundoscopy image before ( a ) and after ( b ) Cyberknife radiosurgery. ( c ,  d ) 
Ultrasound scan before ( c ) and after ( d ) Cyberknife radisurgery. ( e ) Conformal plan with a steep 
dose gradient for a typical left-sided uveal melanoma. The isodoses from 10 to 70 % (prescribed 
isodose,  thick line ) are shown. The tumor was treated with single-session robotic radiosurgery 
procedure using a dose of 19 Gy. ( f ) Treatment result after 18 months. The tumor was signifi cantly 
reduced in size       
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[ 31 ]. Compared with our previous series using frame-based SRS, it is far more 
non- invasive, safe, appears equally effective, and is considerably more comfortable 
for the patient. The only slightly invasive procedure left in the sequence is the 
administration of local anesthesia into the retrobulbar space, which is a safe and 
straightforward procedure routinely performed by experienced ophthalmologists 
[ 31 ]. Given the high tracking precision that retrobulbar anesthesia enables, we do 
not think that eye ball tracking techniques should replace this minimal invasive 
procedure with an inherent risk of greater inaccuracies during treatment. 

 In our earlier series, in which we treated medium- to large-size uveal melanomas, 
although the treatment proved effective, we did encounter certain adverse effects 
such as exudative retinal detachment in 20 % of the cases, and subsequently worse 
visual acuity [ 23 ,  24 ]. Generally, major treatment-related toxicities included neovas-
cular glaucoma, radiation retinopathy or optic neuropathy, which were seen espe-
cially in the earlier series of Gamma Knife-based SRS, largely due to higher doses, 
larger tumor sizes and tumor locations [ 26 ,  27 ]. Larger basal diameter (>10 mm), 
ciliary body melanomas and doses over 35 Gy appeared to be associated with 
increased complication rates [ 17 ,  18 ]. Compared with eye-plaque therapy, Stereotactic 
radiosurgery comes with the advantage of not involving invasive surgery for plaque 
implantation and removal as well as hospitalization for several days required for 
radiation protection during brachytherapy. Fractionated proton therapy was not indi-
cated for our patient cohort as proton centers are scarce and proton treatment costs 
are considerably higher than brachytherapy or radiosurgical treatment options. 

 Recently, there has been a trend towards dose de-escalation in this application. 
Several series showed equivalent local control but reduced toxicity rates with lower 
doses [ 22 ,  23 ,  26 ]. The dose level applied in the current study was lower than the 
earlier series. The treatment regimen was developed based on our previous experi-
ence and our ability to deliver dose plans with steeper gradients and better tumor 
coverage compared to the earlier, frame-based techniques we used. 

 The probability of visual preservation and eye retention with either technique are 
strongly dependent on tumor size and location. The dose to the lens and the optical 
disc is determined by the location of the tumor. However, for tumors of the lateral 
and posterior-lateral parts of the bulb, the dose to the lens and the optical disc could 
be kept to a minimum due to the steep dose gradient achieved using an inverse plan-
ning algorithm. Hirasawa et al. identifi ed the anterior segment of the eye and the 
optic disc as structures of great risk for neovascular glaucoma based on a multivari-
ate analysis, and recommended irradiation techniques that would spare these struc-
tures as much as possible when treating uveal melanoma [ 17 ]. The high fl exibility 
of the robotic technology used in the current study is capable of achieving this goal 
[ 20 ]. Robotic radiosurgery has the ability to adjust the dose to the tumor as much as 
possible by maximally sparing the dose to sensitive structures of the eye. 

 Accurate treatment planning and delivery requires a stringent setup with an 
experienced interdisciplinary team comprised of ophthalmologists, radiation oncol-
ogists and imaging experts. Under optimal conditions, the described radiosurgical 
treatment paradigm seems to be safe, effective and comfortable for the patient.  
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15.6     Conclusions 

 Robotic radiosurgery is a safe and effective treatment approach for defi nitive 
treatment of medium sized and large uveal melanomas. MRI and CT image fusion 
for treatment planning enhance the exact tumor delineation. In experienced hands, 
retrobulbar anaesthesia, imaging, treatment planning and treatment application 
can be performed sequentially in one treatment session within a time frame of less 
than 3 h.     
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    Chapter 16   
 Stereotactic Body Radiotherapy: A Practical 
Guide for the Delivery of Accelerated Partial 
Breast Irradiation 

                Sandra     S.     Vermeulen      ,     Huan     B.     Giap     ,     Cristian     Cotrutz     ,     Robert     M.     Douglas     , 
and     Astrid     Morris    

    Abstract     Post-operative whole-breast irradiation (WBI) has been used in the last 
several decades to offer early-stage breast cancer patients options to preserve their 
breasts. The standard traditional external beam radiation treats the whole breast 
over a 6–7 week course; however, it is inconvenient and does have potential toxicity 
to heart, lung, bone, and soft tissues. Over the last decade, accelerated partial breast 
irradiation (APBI) allows the majority of these patients an attractive alternative to 
 traditional radiation by treating part of the breast over 1–2 weeks. There are more 
than a dozen APBI techniques emerging over the last decade using various modali-
ties of radiation including superfi cial X-ray, high-energy photon, proton beam, 
high-dose rate and low dose-rate brachytherapy. Of these, stereotactic body radia-
tion therapy (SBRT) is an attractive option and is the focus of this chapter. SBRT 
offers patients the delivery ease of external beam radiotherapy (reproducibility fac-
tor) without the protracted time commitment seen with WBI (convenience factor). 
In addition, SBRT offers increased accuracy of irradiation delivery (target precision 
factor) without the inherent invasiveness (quality-of-life factor) of a brachytherapy 
implant. These SBRT abilities will likely increase the number of candidates for 
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APBI, particularly those patients with diffi cult to treat anatomy (large/pendulous 
breasts), busy working women, elderly or disabled patients and those who live far 
from a radiation therapy clinic. This chapter describes one technique of SBRT for 
APBI using the CyberKnife system and preliminary data on a small group of 
patients demonstrates the feasibility and minimal side effects. More clinical studies 
need to be conducted to explore this new technique with end points of in-breast 
tumor recurrence, cost effectiveness, and quality of life endpoints including cosme-
sis, side effects and perceived convenience.  

  Keywords     Accelerated Partial Breast Irradiation (APBI)   •   Alpha-beta ratio   • 
  Brachytherapy   •   Breast   •   Breast carcinoma   •   Breast conserving therapy (BCT)   
•   Clinical target volume (CTV) Conformality   •   Cosmetic outcome   •   Cosmesis   • 
  CyberKnife   •   Fiducials   •   High-dose-rate (HDR) brachytherapy   •   Intensity- 
modulated radiotherapy (IMRT)   •   Isodose   •   Low-dose-rate (LDR) brachytherapy   • 
  Lumpectomy   •   Margin   •   Motion   •   Outcomes   •   Planning target volume (PTV)   • 
  Quality of life   •   Stereotactic Body Radiotherapy (SBRT)   •   Three-dimensional con-
formal radiotherapy (3D-CRT)   •   Treatment time   •   Treatment Planning   •   Whole 
breast irradiation (WBI)  

16.1         Introduction 

 Breast conserving therapy (BCT) is the preferred treatment modality for many 
patients with early stage breast carcinoma [ 1 ]. Several randomized controlled stud-
ies [ 2 – 8 ] including the National Surgical Adjuvant Breast and Bowel Project 
(NSABP) B-06 have demonstrated equivalent overall survival for patients receiving 
breast conserving surgery and whole breast irradiation (WBI) compared with 
patients treated by mastectomy. The major advantages of BCT are superior cos-
metic outcome and the reduced emotional and psychological impact from this pro-
cedure compared with mastectomy. However, the principal disadvantage of breast 
conservation as traditionally performed is the prolonged treatment duration of 
external beam radiation therapy, approximately 6–7 weeks, which may pose sub-
stantial problems for some patients such as the elderly, busy working professionals, 
or those who live far from a radiotherapy facility. Furthermore, traditional BCT 
irradiates the whole breast, which for patients with large or pendulous breasts could 
cause signifi cant skin, soft tissue, lung, ribs, and heart (for treatments of the left 
breast) morbidities. Despite multiple prospective randomized studies showing com-
patibility of BCT and mastectomy, BCT remains under-utilized [ 9 ]. According to 
the National Cancer Institute, about 40 % of patients who are eligible for BCT have 
mastectomies instead of BCT, and 10–20 % of patients who undergo breast conser-
vation surgery do not receive radiation following surgery [ 9 ]. Many of these patients 
cite the inconvenience of receiving radiation therapy (i.e., extended period of daily 
treatments, time-off from work, etc.) and the impact on quality of life due to 
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concerns of additional side effects from the radiation. Fortunately, in the past decade 
there has been an explosion of new options for post-op adjuvant radiation therapy as 
an alternative to conventional WBI. 

 Mature Phase I and II studies, and some preliminary Phase III studies, have 
investigated the replacement of WBl with an accelerated course of radiation therapy 
restricted to the region around the tumor bed. This approach, known as accelerated 
partial breast irradiation (APBI), builds upon knowledge that following a lumpec-
tomy with clear margins (≥2 mm), 90 % of recurrences in women who present with 
early disease (stage 0, I, II) are hypothesized to occur within 10 mm of the resection 
cavity [ 10 – 12 ]. Most of the early experience with APBI has been with interstitial 
brachytherapy, which shows high local control rates along with acceptable morbid-
ity. However, because of the invasiveness of these procedures, their steep learning 
curve and risks of infection, lumpectomy cavity coverage with three- dimensional 
conformal radiotherapy (3D-CRT) and intensity-modulated radiotherapy (IMRT) 
has grown in popularity. More recently, the use of stereotactic body radiation ther-
apy (SBRT) for delivery of APBI has been examined [ 13 ,  14 ]. In this chapter we 
provide a brief history of APBI followed by a practical guide to the delivery of APBI 
with SBRT.  

16.2     The Role of Radiotherapy 

 Attempts to avoid the addition of radiotherapy following breast conserving surgery 
generally result in unacceptably high rates of local recurrence [ 15 ], except possibly 
for elderly patients with favorable tumors [ 16 ]. Indeed, several randomized con-
trolled studies have shown that adjuvant whole breast radiotherapy reduces the risk 
of local failure by a factor of about two-thirds [ 2 ,  10 ,  15 ,  17 – 20 ]. For instance, 
NSABP B-06 showed that patients with negative lumpectomy margins, adjuvant 
whole breast radiotherapy reduced the rate of in-breast recurrence at 20 years from 
39.2 % in the lumpectomy alone arm to 14.3 % in the lumpectomy and whole breast 
irradiation arm [ 2 ]. In spite of this very large reduction of in-breast recurrence, the 
impact of adjuvant radiotherapy on overall survival is small [ 21 ]. 

 Whole breast irradiation after wide excision has been postulated to reduce the 
breast recurrence rate through the elimination of residual foci of cancer remaining 
both around the excision site as well as occult cancer in remote areas of the breast. 
It was originally thought that occult multicentricity occurred frequently [ 22 ,  23 ], 
but the pattern of local recurrences after breast-conserving therapy both with and 
without adjuvant radiotherapy suggest that these remote areas of occult carcinoma 
are either encountered less frequently or are of limited clinical signifi cance when 
patients are more carefully selected to rule out multicentric disease. Sixty-fi ve to 
100 % of breast recurrences reported after conservative surgery and whole breast 
radiation therapy have been found in the same quadrant as the initial tumor, with 
histology similar to the primary tumor, indicating that these probably represent 
residual viable cancer around the original site not controlled by radiation therapy 
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[ 24 – 27 ]. Even without adjuvant radiation therapy, the pattern of recurrence is over-
whelmingly around the tumor bed [ 2 ,  15 – 17 ,  20 ]. To examine this the serial section 
mastectomy series by Holland, that originally suggested high rates of multicentric-
ity, was re-analyzed with only those cases with complete mammographic data and 
excluding those with evidence of microcalcifi cations or tumor density beyond the 
main tumor mass and unfavorable characteristics such as any lobular histology, pri-
mary tumors larger than 2 cm, and any cancer in the region 1–2 cm beyond the main 
tumor mass. This re-analysis found that only 4 of 72 cases had any residual carci-
noma more than 1 cm beyond the dominant mass (the area that would be treated 
with APBI) [ 28 ]. Furthermore, breast recurrences distant from the primary site tend 
to occur later than those near the lumpectomy bed, and may well represent second 
primaries rather than true recurrences [ 25 ] and would not be expected to be pre-
vented by whole breast radiotherapy. 

 From these data, one can infer that in appropriate cases, the main effect of radia-
tion therapy following conservative surgery is the reduction of breast cancer recur-
rence at or very near the primary site. If radiation therapy is directed only to the 
tissue surrounding the excision cavity, then the entire course of radiation therapy 
can be accelerated markedly, reducing treatment time. Furthermore, normal tissues 
such as the remainder of the breast, underlying muscle, ribs, lung, and heart gener-
ally will receive a lower radiation dose with APBI than with whole breast radio-
therapy, potentially avoiding toxicity. This may be particularly important for patients 
with large pendulous breasts who often experience signifi cant acute toxicity from 
whole breast radiotherapy.  

16.3     Accelerated Partial Breast Irradiation 

 There currently is a large body of mature Phase I and II data along with some pre-
liminary Phase III fi ndings studying the replacement of WBl with an accelerated 
course of radiation therapy restricted to the region around the tumor bed using a 
variety of techniques. For appropriately selected patients treated with appropriate 
techniques, the results are very encouraging and the techniques have been shown to 
be safe, tolerable, and highly reproducible with outcomes similar to WBI (Table  16.1 ) 
[ 11 ,  29 – 42 ]. For inappropriately selected patients or those treated with suboptimal 
techniques, the rates of in-breast recurrence are not acceptable, although even then 
there is no suggestion of an adverse impact on overall survival.

   Most experience with APBI has been with interstitial brachytherapy, with most 
of that experience until recently being with the multi-catheter type (Table  16.1 ). The 
primary disadvantages of conventional multi-catheter brachytherapy are the com-
plexity and invasiveness of the procedure. Conventional breast brachytherapy 
requires the use of up to 20 catheters or needles placed around the excision site 
(Fig.  16.1 ).

   There are several ways of placing these catheters, or needles, into the breast, and 
the procedure can be done either under local anesthesia with conscious sedation 
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after surgery or under general anesthesia at the time of lumpectomy. These needles 
are inserted through the breast, and fl exible catheters are threaded through the nee-
dles to cover the target area around the breast cavity. Interstitial brachytherapy has 
the advantages of high dose conformity to the target volume, independent of organ 
motion or respiration; delivery of additional simultaneous boost to the inner core of 
the target (the high risk area); and the ability to adapt to various patients’ anatomy 
and target shape (convexity). The interstitial brachytherapy experience provides the 
earliest clinical experience and has the longest follow-up clinical data for 
APBI. Nevertheless, this technique has not gained widespread popularity because 
of the relative complexity associated with performing an interstitial implant and the 
lack of signifi cant patient interest in an additional invasive procedure with risk of 
infection, pain, and bleeding (Fig.  16.1b ). As a consequence, multi-catheter APBI 
has been limited to only a handful of institutions. 

 The oldest brachytherapy APBI series comes from the Oschner Clinic [ 29 ] and 
the largest series from William Beaumont Hospital [ 11 ,  32 ]. At the Oschner Clinic, 
51 women with 52 tumors were treated [ 29 ]. Eligibility criteria included intraductal 
or invasive carcinomas less than or equal to 4 cm in size, 0–3 positive axillary lymph 
nodes, and negative inked microscopic margins. Multiple plane interstitial implant 
was placed under direct visualization of the excision cavity or with ultra-sound 
guidance, and the catheters extended 2 cm beyond the cavity in all peripheral dimen-
sions. Patients were assigned to low-dose-rate (LDR) and high-dose-rate (HDR) 
brachytherapy alternating in blocks of 10. LDR patients received 45 Gy in 
3.5–6 days, while HDR patients received 32 Gy in 8 fractions over 4 days. At a 
median follow-up of 75 months, there were three grade 3 complications (5.8 % 
overall, 3.8 % LDR, 7.7 % HDR). Two HDR patients experienced severe fat necro-
sis, one requiring a mastectomy and the other a quandrantectomy with fl ap cover-
age. One LDR patient developed an abscess from an infected seroma at 4 months 
which was incised and drained. The rate of good/excellent cosmesis was 78 % in 
LDR and 67 % in HDR ( p  = 0.39). There has been only one local recurrence, located 
near the surgical scar occurring 78 months after radiotherapy. 

 In the William Beaumont Hospital Experience with multi-catheter brachytherapy 
APBI, 199 consecutive women with invasive early-stage breast cancer were treated 
from 1993 to 2001 [ 11 ,  32 ]. One hundred twenty patients were treated as in-patients 
with LDR, receiving 50 Gy over approximately 96 h. Seventy-nine were treated as 
out-patients with HDR, receiving either 32 Gy in 8 fractions of 4 Gy each or 34 Gy 
in 10 fractions of 3.4 Gy each, twice a day, with at least 6 h between fractions. One 
hundred fi fty-eight patients met the strict eligibility criteria which included infi ltrat-
ing ductal carcinomas <3 cm, surgical margins clear by at least 2 mm, age >40, no 
extensive intraductal component (EIC-), and no clinically signifi cant lobular carci-
noma in situ. Initially patients with 1–3 involved axillary lymph nodes were allowed. 
The protocol was modifi ed after the fi rst 50 patients, and the subsequent 149 patients 
were required to be node negative. At a median follow-up of 65 months (range, 
12–115 months), a total of fi ve ipsilateral recurrences were observed; two were 
located near the original primary site and three were located elsewhere in the breast. 
The mean time to local failure was 5 years (range, 1.5–7.6 years). 
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 In recent years, the development of the MammoSite® (Proxima Therapeutics, 
Inc., Alpharetta, GA) balloon brachytherapy technique has increased interest in 
APBI. 

 This brachytherapy applicator was developed as a more “user friendly” tech-
nique in which a single balloon is placed in the excision cavity [ 34 ]. While nursing 
care for the single catheter is less and patients may be more comfortable there 
remain several drawbacks. This technique requires a second surgical procedure to 
place the catheter and wound care for 1–2 weeks. Some patients are candidates for 
APBI, but they are not candidates for Mammosite due to geometric factors such as 
small breast size, too much air/gas in the cavity, or the cavity is too close to the chest 
wall or skin. The applicator is not suitable for lesions close to the skin surface or for 
irregularly shaped cavities to which the balloon does not conform. The Mammosite 
has to be infl ated for the entire 7–14 day treatment duration, which can be uncom-
fortable, and the catheter entry point can serve as a source of infection. Typically, 
patients with an inserted device are placed on prophylactic antibiotics. All being 
said, a recent publication from the American Society of Breast Surgeons Mammosite 
Breast Brachytherapy Registry Trial reported a 91 % good to excellent cosmetic 
result at a mean follow-up of 54 months (range, 0–86 months) in a treated popula-
tion of 1,449 women with early breast cancer [ 43 ]. 

 Three-dimensional (3D) conformal external beam radiation therapy has also 
been pursued as a technique to treat patients with APBI using a similar, shortened 
treatment schedule. This 3D technology is readily available in the majority of radia-
tion facilities allowing many more radiation oncologist groups that do not perform 
brachytherapy to deliver APBI. Perhaps the greatest advantage of this method of 
APBI is the fact that no additional invasive procedure is required. However, conven-
tional radiation equipment cannot pinpoint radiation delivery as accurately as 
brachytherapy. Therefore, a large margin is required to account for the set-up uncer-
tainty and for respiratory motion during treatment. This margin leads to a larger 
treatment volume and more irradiation of the normal structures (lung, chest wall, 
skin, heart). Indeed, there are now published concerns of toxicities with unaccept-
able cosmesis seen in populations of women who elected for APBI using 3-D con-
formal external beam approach [ 44 ,  45 ]. 

  Fig. 16.1    Example of accelerated partial breast irradiation delivered using intersititial brachy-
therapy with multiple catheters. ( a ) The fl exible hollow catheters are inserted around the lumpec-
tomy cavity during breast conserving surgery. After CT-based treatment planning, these catheters 
are connected to a High-Dose Rate (HDR) remote after loading machine for delivery of the 10 
treatments over 1 week. Immediately following completion of the tenth treatment the catheters are 
removed. ( b ) Shown is the trauma to the breast (and associated discomfort) along with the possible 
risk of infection and bleeding associated with interstitial brachytherapy APBI       
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 The NSABP B39/RTOG 0413 trial randomizes select patients with stage 0, I and 
II breast cancer after lumpectomy to either WBI or APBI with the goal of docu-
menting the long-term equivalence of APBI to WBI. Patients randomized to the 
APBI arm are treated with either interstitial brachytherapy with catheters/needles; 
intracavitary brachytherapy with the Mammosite balloon catheter; or 3D conformal 
external beam radiation therapy. A recent publication by Patel et al. [ 46 ] reported 
the 5-year follow-up for 273 patients treated with brachytherapy using either multi-
catheter interstitial brachytherapy (n = 247) or Mammosite (n = 26). The patients 
received 32–34 Gy in 8–10 twice daily fractions using high-dose-rate 192Ir brachy-
therapy. All patients met the initial inclusion criteria for the trial and were separated 
into either a high- or low-risk group. The high-risk patients (n = 90), who represent 
the cohort that remained eligible for the intergroup trial, satisfi ed one or more of the 
“high-risk” criteria: age <50, estrogen receptor negative, and/or positive lymph 
nodes. The low-risk patients comprised the remainder of the cohort (n = 183). At a 
median 48.5 months follow-up for the entire cohort, no signifi cant difference was 
found in outcomes at 5 years between the low- and high-risk groups with a local 
control rate of 97.8 % vs 93.6 %, crude local recurrence rate of 2.2 % (n = 4) vs 
4.4 % (n = 4), and overall survival rate of 92.1 % vs 89.5 %, respectively. 

 A Phase II Electron Intraoperative radiotherapy (ELIOT) trial is underway in 
Europe. Patients over 55 years of age with tumors ≤2.5 cm are randomized to WBI 
(50 + 10 Gy boost) versus 21 Gy single fraction electron intra-operative radiotherapy 
(IORT). The accrual goal for the study is 800 patients. To perform IORT, a mobile 
linear accelerator with a robotic arm is used to deliver a single-fraction electron dose to 
the involved quadrant of the breast after quadrantectomy. An aluminum/lead disc is 
placed between the breast and pectoralis muscle to shield the chest wall and lungs. 
Initial experience was as an “up-front” boost to anticipate WBI with dose escalation 
from 10 to 15 Gy. This was well tolerated, and the approach changed to sole treatment 
with APBI using a single fraction of IORT. Dose was escalated from 17 to 21 Gy with-
out unexpected acute toxicity. It is estimated that 21 Gy in a single fraction is radiobio-
logically equivalent to 60 Gy in 30 fractions of 2 Gy/fraction over 6 weeks [ 41 ]. 

 The advantages of this technique are convenience to patient, minimal risk of 
radiation to surrounding normal structures (lung, heart and breast), lower cost, and 
no delay to adjuvant chemotherapy when needed. The critics of this technique cite 
potential under-coverage of the target volume (due to unknown fi nal margin status 
and the directional nature and energy of the electron beam), additional use of oper-
ating time and patient time under general anesthesia, as well as cost of purchasing 
the IORT machine.  

16.4     Stereotactic Body Radiotherapy Delivery Of APBI 

 Stereotactic body radiotherapy (SBRT) offers the potential of combining the bene-
fi ts of the precisely targeted dose delivery of an interstitial brachytherapy APBI with 
the non-invasiveness of external beam radiation therapy. SBRT delivers a highly 
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conformal dose that mimics the dosimetry of a breast interstitial brachytherapy 
implant. In order to accomplish this SBRT must employ image-guided delivery, 
typically via tracking of fi ducial markers which in the case of APBI are implanted 
during tumor resection keeping the subsequent SBRT non-invasive. The CyberKnife 
(Accuray Incorporated, Sunnyvale, CA) is a frameless robotic stereotactic radiosur-
gery system that provides image-guidance for continuous tracking of target motion 
with respiration and patient movement [ 47 ]. Recently, the CyberKnife has been 
explored for SBRT delivery of APBI due to its image-guidance capability which 
allows continuous tracking of the target’s motion with respiration and patient move-
ment. This allows the margins to be reduced to a minimum, thus sparing surround-
ing critical structures from undue radiation exposure. Researchers at the University 
of Texas Southwestern Medical recently compared CyberKnife SBRT APBI and 
3D-CRT treatment plans. They found that the SBRT APBI treatment plans achieved 
highly conformal target coverage and reduced the dose to nearby organs at risk rela-
tive to 3D-CRT plans [ 14 ]. Similarly, a treatment planning comparison from Fox 
Chase Cancer Institute concluded that the CyberKnife’s more conformal dose could 
result in reduced toxicity by a reduction in dose to surrounding breast tissue [ 13 ]. 
Figure  16.2  presents an SBRT APBI treatment plan in comparison with conven-
tional radiation treatment plans highlighting the dose conformality of the SBRT 
APBI treatment plan.

   At our institution, we have treated 21 patients with CyberKnife delivered 
SBRT. As experience and knowledge of SBRT APBI delivery grows, this treatment 
paradigm will evolve. The following presents a guide to how we currently perform 
SBRT APBI. While our experience has focused on the use of the CyberKnife for 
delivery of SBRT APBI we have attempted, as much as possible, to ensure this guide 
is informative for delivery of SBRT APBI with other devices. However, it is impera-
tive that caution be employed to ensure that suitable motion tracking occurs to ensure 
the accuracy of dose delivery to the target while sparing nearby critical structures.  

a b

  Fig. 16.2    Comparison of ( a ) an SBRT APBI treatment plan to that of ( b ) a conventional radiation 
treatment plan. Note the high conformality of the SBRT APBI treatment plan’s isodoses       
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16.5     SBRT APBI Patient Eligibility 

 Our patient selection criterion incorporates patients considered “suitable” or “cau-
tionary” candidates as outlined in the ASTRO consensus statement for APBI [ 48 ].

•    greater than 45 years of age  
•   stage T1, T2 or Tis without metastases  
•   histologically confi rmed invasive non-l o bular carcinoma or ductal carcinoma  in 

situ  (DCIS) of the breast  
•   lesion size must be less than 3 cm and treated with wide excision.  
•   patients with invasive tumors undergo an axillary sentinel node procedure or 

axillary dissection.  
•   negative (>2 mm) microscopically assessed surgical margins for both invasive 

carcinoma and DCIS with no known unresected residual carcinoma or diffuse 
suspicious microcalcifi cations. If there is an extensive intraductal component 
(EIC +), the total size of the EIC and primary invasive tumor should be less than 
3 cm, and the post-operative mammogram must show no evidence of suspicious 
residual abnormality. If the cancer presented with malignancy-associated micro-
calcifi cations then they must have a negative post-operative mammogram or 
specimen radiograph demonstrating removal of all microcalcifi cations.     

16.6     Exclusion Criteria 

•     pregnancy  
•   collagen vascular disease  
•   prosthetic augmentation implants  
•   prior radiation therapy to the treated breast  
•   invasive lobular or multicentric carcinoma  
•   histologically confi rmed positive axillary lymph nodes  
•   tumors that involve the skin, that invade the chest wall/muscle, or that have dif-

fuse suspicious microcalcifi cations on mammography  
•   patients must initiate SBRT treatment within 9 weeks of their last breast cancer 

surgery.    

 Potential side effects and toxicity of APBI treatment are discussed with patients 
during informed consent procedure. Table  16.2  lists the adverse reactions patients 
may expect.

16.7        SBRT APBI Treatment Planning 

 The high dose delivered during SBRT APBI requires motion tracking of the target 
during radiation delivery to compensate for respiratory motion. In the case of 
CyberKnife SBRT this is accomplished by real-time x-ray based tracking of 
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fi ducials. Implantation of the fi ducials during lumpectomy prevents an additional 
invasive procedure and ensures the fi ducials are located within the resection cavity. 
We implant 4–5 bio-compatible 2-mm gold fi ducial markers (manufacturer NMPE: 
product number MT-NW-887–864). The high density of these fi ducials allows for 
good contrast on imaging as compared to the titanium clips more commonly used 
for other types of SBRT. 

 Treatment planning begins about 1 month after resection with the aim of per-
forming SBRT 4–5 weeks post-surgery. This corresponds with published series 
showing this time period has the least amount of volume change in the seroma 
identifying the lumpectomy cavity [ 49 ]. The fi rst step of treatment planning is 
acquisition of non-contrast computed tomographic (CT) scans (1.0-mm slice thick-
ness). The CT images start at the mandible and extend several centimeters below the 
inframammary fold. In addition, a non-contrast MRI of the ipsilateral breast is 
obtained in cases where the lumpectomy cavity is ill-defi ned on CT. For all pre- 
treatment imaging and treatment delivery, the patient is positioned head fi rst with 
their arms at their side. Care must be taken to avoid breast/cavity deformation from 
the position of the ipsilateral arm or the MRI breast coils. A multi-pronged approach 
is employed to ensure this. First, a support bra without metal clasps or wires is worn 
throughout the process of planning and treatment. Second, the MRI breast coils are 

   Table 16.2    Potential acute    and long-term reactions to APBI, to be discussed during informed 
consent   

 Reactions  during  radiation therapy  Long term reactions 

 Common:  Common: 
   Skin reddening, darkening and 

irritation near the treatment site 
   Occasional discomfort and sensitivity at the treatment 

site 
  Fatigue    Mild increased fi rmness of the breast at the treatment 

site 
  Mild pain at the treatment site    Mild swelling of the treated breast 
  Swelling at the treatment site    Minor shrinkage of the treated breast 

   Skin color change near the treatment site 
   Scarring of a small amount of lung just under the chest 

wall near the treatment site (this rarely causes 
symptoms) 

 Uncommon (1–5 % of people):  Rare (less than 1 % of people): 
   Extensive skin blistering or 

peeling near the treatment site 
   Rib fractures near the treatment site 

   Signifi cant pain at the treatment 
site 

   Loss or impairment of nerve function near the treatment 
site 

   Signifi cant increase in fi rmness 
of the breast at the treatment site 

   Signifi cant shrinkage of the treated breast 
   Lung infl ammation 
   Skin ulceration near the treatment site 
      Infl ammation of the lining of the heart (only if left 

breast treated) 
   Cancer in the treated area caused by radiation 

  From consent form prepared by the Hartford Hospital (  http://www.harthosp.org/Portals/1/
Images/56/572132.pdf    , accessed June 28, 2013)  
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suspended above the breast using styrofoam supports to avoid deformation of the 
breast/cavity. Lastly, we found that a 3–5 cm thick alpha cradle best immobilizes the 
patients during treatment by elevating the patient’s body while allowing their arms 
to drop at their side below the level of the chest. 

 For treatment planning, the CT scans and MRI images are fused. Typically, when 
an MRI is used, the lumpectomy cavity is best delineated on the T2 axial or STIR 
MRI images. The fi ducials are seen on the 2dT2 (STAR) sequence and used to 
verify the correctness of the fusion with the CT. We have found that often the cavity 
cannot be outlined for target identifi cation on the CT alone due to the adjacent 

a b

c d

  Fig. 16.3    Illustration of MRI and CY image fusion utility. The red outline indicates the delinea-
tion of the lumpectomy cavity. If the lumpectomy cavity is not well delineated on the simulation 
non-contrast CT, an MRI in treatment position is obtained. ( a ) The fi ducials can be visualized with 
the T2*Gradient Echo/2dT2 (STAR) axial sequence which aids in fusing the images to the CT. ( b ) 
Enhancement of the seroma allows the cavity to be precisely identifi ed on the T2Axial 2 mm/STIR 
images for targeting. ( c ) CT image showing the artifact from the fi ducial which makes delineation 
of the cavity wall diffi cult. ( d ) The combined MRI/CT image results in a well delineated lumpec-
tomy cavity for treatment planning       
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breast tissue density or artifact scatter from the fi ducials. In such cases, both of these 
issues are overcome with the MRI imaging capabilities (Fig.  16.3 ).

   Next, dose-volume histogram analyses are conducted to ensure dose constraints 
are met. The dose constraints we employ are based upon the NSABP/RTOG proto-
col. However, in our case the contralateral breast dose does not refl ect a volume, 
rather it is a maximum radiosurgery point dose. Thus we use the NSABP/RTOG 
constraints as guidelines adapted to the specifi cs of radiosurgery APBI; the NSABP/
RTOG constraints, and our constraints, are listed in Table  16.3  [ 50 ]. Depending on 
the location of the lumpectomy site, particularly for very medial inner quadrant or 
lower inner quadrant lesions, acceptance for a high contra-lateral breast dose point 
is allowed as well as for higher volumes of heart or lung receiving the suggested 
dose as outlined in the national study.

   Using the encouraging data published from Sylvia Formenti at New York 
University [ 51 ] and by applying an alpha-beta ratio of 4.6 Gy [ 52 ,  53 ] for breast 
cancer tumor control, we initially selected an SBRT dose of 6 Gy delivered in 5 
fractions for a total dose of 30 Gy. Unfortunately, limited reimbursement for stereo-
tactic APBI defi ned by 5 fractions or less resulted in a slow accrual. Since no single 
gold standard exists for APBI, a decision was made to match the dose fractionation 
scheme in the single-catheter brachytherapy arm of the NSABP/RTOG study, which 
gives 34 Gy in 10 fractions to the planning target volume (PTV) as defi ned by the 
lumpectomy cavity plus a 10-mm margin. This resulted in extremely small volumes 
for the ipsilateral breast receiving 100 and 50 % of the prescribed dose with no 
toxicity documented in our fi rst 2 patients treated. As a result, we now treat with an 
enlarged PTV which matches the multi-catheter brachytherapy arm of the national 
study. The clinical target volume (CTV) is defi ned on a treatment planning non- 
contrast CT as the lumpectomy cavity plus 15 mm. Based upon this, we defi ne our 
PTV as the CTV plus a 2-mm margin with a 5-mm sparing distance from the skin 
and chest wall. The 2-mm CTV margin is added to accommodate for possible track-
ing error of the fi ducials. No additional volumes are considered necessary to account 

   Table 16.3    Dose limitations for normal tissue based on the NSABP/RTOG protocol [ 50 ] and for 
patients treated at our institute with cyberknife APBI to a dose of 34 Gy delivered in 10 fractions 
(N = 12)   

 NSABP/RTOG structure  Constraint (3D-CRT)  CyberKnife treatment (mean, range) 

 Ipslateral breast  V34 <35 %  Volume: 13 %, 8–17 % 
 V >17 <60 %  Volume: 28 %, 21–39 % 

 Contralateral breast  Dmax <1 Gy  Max dose: 1 Gy, 1–8 Gy 
 Ipslateral lung  V10 <15 %  Volume: 3 %, 0–12 % 
 Contralateral lung  V1.7 <15 %  Volume: 3 %, 0–19 % 
 Heart (RT breast)  V1.7 <5 %  Volume: 5 %, 0–19 % 
 Heart (LT breast)  V1.7 <40 %  Volume: 33 %, 0–42 % 
 Thyroid  Dmax <1 Gy  Max dose: <1 Gy, 0–0.6 Gy 
 Skin  Dmax <49.3 Gy  Max dose: 38 Gy, 27–46 Gy 
 Chest wall  Dmax <40.8 Gy  Max dose: 38 Gy, 29–41 Gy 
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for variability in day-to-day set-up or patient mobility. Figure  16.4  provides a sche-
matic of the lumpectomy cavity, CTV and PTV. Our dose prescription is 34 Gy in 
10 fractions delivered to the planning target volume (PTV) which is prescribed to 
greater than the 65 % isodose. Also, we created a fi eld within a fi eld to force the 
dose maximum into the lumpectomy cavity which is devoid of breast tissue, mini-
mizing potential tissue toxicity. We strive for a dose at the cavity wall of 38.5 Gy. 
Treatment is performed daily or twice daily per patient convenience and completed 
over 1–2 weeks with an average treatment time of 60 min or less. The CyberKnife 
Synchrony Tracking System is used to correct for target and patient motion. Prior to 
and during the treatment delivery, the fi ducial markers in the ipsilateral breast are 
used for treatment set-up and verifi cation (Fig.  16.5 ). Lastly, the use of chemo- 
hormonal therapy is at the discretion of treating physicians. When used, chemo-
therapy is not started until at least 2 weeks post-radiation therapy. Tamoxifen or 
other hormonal therapy may be started at once.

16.8         SBRT APBI Preliminary Outcomes 

 Since June 2009 we treated 21 patients with early breast cancers. Two patients 
received our initial dose prescription of 30 Gy in 5 fractions and the remaining 19 
received a total dose of 34 Gy in 10 fractions as described above. All patients are 
followed every 6 months for the fi rst 3 years with alternating mammograms and 
breast MRI’s and annually thereafter. No patients have been lost to follow-up. At a 

  Fig. 16.4    Schematic of the SBRT clinical target volume ( CTV ), planning target volume ( PTV ) and 
lumpectomy cavity. The CTV is defi ned as the lumpectomy cavity plus a 15 mm margin, and the PTV 
is defi ned as CTV plus a 2 mm margin with a 5 mm sparing distance from the skin and chest wall       
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a

b

  Fig. 16.5    Multiple    fi ducial markers are used in the breast for patient setup prior to each treatment and 
during the delivery of CyberKnife APBI. The fi ducial markers are tracked continuously during treat-
ment unlike in other APBI external beam techniques. (Panel  a ) The  top and bottom rows  of images 
show the radiographs from 2 kV imagers. The fi rst column of images shows the fi ducial marker 
generated digitally reconstructed radiograph (DRR) obtained via CT simulation, the second column 
shows the radiographs of the fi ducial markers from the kilovolt x-ray imagers at the time of treatment, 
and the third column shows the overlaying of fi ducial markers from the DRR and kilovolt imagers. 
The sub-millimeter matching of at least three fi ducial markers is required for treatment delivery. 
(Panel  b ) The  top row  represents the patient’s respiratory pattern obtained using LED marker placed 
on the patient’s chest. The  middle row  shows the average movement of the target in the three transla-
tional directions. The  bottom row  shows the vector sum of the target movement as a function of time       
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median follow-up of 31 months (range: 6–57 months), no breast cancer recurrence 
has been identifi ed. Acute toxicities were minimal, with erythema involving a small 
portion of the breast reported by two patients and mild fatigue observed by half of 
the patients. The size, shape and texture of the treated breast was compared to the 
breast’s original appearance after surgery and from pictures taken at the time of 
simulation. Cosmetic outcome was assessed using the four-point cosmetic rating 
scale of the NSABP/RTOG protocol [ 50 ] whereby an excellent outcome was defi ned 
as “minimal or no difference”; a good cosmesis was defi ned as “a slight difference”; 
and a fair or poor cosmesis was defi ned as “obvious differences . . . involving a 
quarter or less of the breast” or “as marked change. . . . involving more than a quar-
ter of the breast tissue”. Using these defi nitions, all 14 treated patients had excellent 
or good cosmesis with no patients having a fair or poor cosmesis. Based on these 
preliminary results we are optimistic that with stereotactic tracking ability and a low 
prescription isodose, issues involving patient motion, set-up reproducibility and 
toxicity are of less concern with SBRT APBI than for patients receiving 
3D-CRT. Indeed, the PTV in our patient series is similar to that seen in patients 
treated with multi-catheter or balloon catheter brachytherapy. The mean ipsilateral 
breast volumes receiving 100 and 50 % of the prescribed dose were less than half 
that allowable in the NSABP/RTOG study. With mild and limited side effects and 
excellent/good cosmetic outcomes in our patient population, our preliminary results 
suggest that CyberKnife delivered SBRT APBI is a suitable non- invasive approach 
for delivering accelerated partial breast irradiation which meets the normal tissue 
constraints outlined in national protocols.  

16.9     Discussion 

 Evolving data from the brachytherapy APBI experience indicate early breast cancer 
local and regional recurrences are rare outside the PTV [ 29 ]. Unfortunately, brachy-
therapy is diffi cult to perform, uncomfortable for the patient and carries an infection 
risk. Proponents of brachytherapy argue, however, that 3D-CRT and IMRT require 
larger treatment volumes for adequate coverage of the PTV. The CyberKnife could 
bridge a compromise between both techniques, offering a dose profi le which mim-
ics brachytherapy without the large PTV requirement of 3D-CRT and IMRT. 

 The increased PTV volumes in the NSABP trials are a growing concern for its 
effect on breast cosmesis [ 50 ]. The study from the University of Michigan reported 
unacceptable outcomes when the IMRT V50 and V100 were greater than 46 and 
23 %, respectively [ 45 ]. Both Jagsi et al. and Hepel et al., from the Tufts University, 
concluded that the NSABP/RTOG trial’s normal dose limitation led to a larger than 
acceptable number of patients developing subcutaneous fi brosis [ 44 ,  45 ]. A stricter 
dose volume limit was suggested by both authors for a more acceptable outcome. 
Our mean target volume for patients receiving 6 Gy in 5 fractions or 34 Gy in 10 
fractions was 100 and 105 cm 3 , respectively. These volumes were well below the 
accepted volume in the study by Jagsi et al. of 185.8 cm 3 . 
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 In the NSAPB/RTOG trial, the PTV evaluation for patients receiving 3D-CRT is 
25 mm or more when considering coverage of the penumbra to adequately cover the 
15-mm risk zone for microscopic tumor. Unlike the 3D-CRT coverage in the 
national trial, the CyberKnife does not require the additional 10 mm to compensate 
for patient breathing motion or treatment set up variability. In addition, the low 
prescription isodose (mean and range 70 %) and large number of beams (mean 157, 
range 112–182) used in CyberKnife APBI at our center resulted in a smaller volume 
of normal tissue receiving a signifi cant dose. Specifi cally, the mean ipsilateral breast 
volume receiving 100 and 50 % of the prescribed dose (V100, V50) in our study 
was less than half of the allowable volume in the NSABP/RTOG protocol: 13 % 
versus <35 % and 28 % versus <60 %. Patel et al. [ 54 ] compared the V50 and V100 
of APBI with 3DCRT versus interstitial brachytherapy. Both were reported to be 
signifi cantly larger for their patients receiving 3D-CRT than for the implant: 26 % 
versus 12 % and 52 % versus 24 %, respectively. Similar to brachytherapy, 
CyberKnife APBI delivers a relatively steep dose gradient within and outside the 
target volume when the dose maximum is placed inside the seroma of the lumpec-
tomy cavity. Our hypothesis is that the small treatment volumes coupled with the 
steep dose gradient using CyberKnife APBI will result in low toxicity including 
acceptable cosmetic outcomes.  

16.10     Conclusions 

 There is now a plethora of APBI techniques for women with early breast cancer to 
consider. APBI delivered by SBRT is currently under investigation at many centers 
including a dose escalation Phase I trial at the University of Texas Southwestern 
Medical Center [ 30 ]. SBRT offers patients the delivery ease of external beam radio-
therapy (reproducibility factor) without the protracted time commitment seen with 
WBI (convenience factor). In addition, SBRT offers increased accuracy of irradia-
tion delivery (target precision factor) without the inherent invasiveness (quality-of-
life factor) of a brachytherapy implant. These SBRT abilities will likely increase the 
number of BCT candidates for APBI, particularly those patients with diffi cult to 
treat anatomy (large/pendulous breasts), busy working women, elderly or disabled 
patients and those who live far from a radiation therapy clinics. Needless to say, in-
breast tumor recurrence is the primary endpoint of APBI studies with quality of life 
endpoints including cosmesis, breast-related symptoms, fatigue and perceived con-
venience of care having equal importance. Continued follow- up is needed to con-
fi rm, regardless of the techniques used, that these APBI goals and objectives are 
met. For now, it is advised that all patients considering ABPI techniques submit to 
national or Investigational Review Board (IRB) approved institutional studies. Off-
study patients should be advised of the ASTRO eligibility guidelines published in 
2009 for women considering ABPI [ 48 ]. Hopefully, this new modality can increase 
the number of patients seeking BCT while improve the quality of life in those 
receiving post-operative radiation as part of their BCT.     
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    Chapter 17   
 Stereotactic Body Radiotherapy 
for Bone and Soft Tissue Sarcoma 

             Mary     Ann     Stevenson     ,     Anand     Mahadevan      , 
    Megan     E.     Anderson     , and     Anna     Cassoni   

    Abstract     Sarcomas are considered radioresitant and surgery has remained the pri-
mary treatment. Adjuvant radiation in the pre and post-operative setting has been 
shown to improve local control. When adjacent normal tissues limit radiation dose, 
particularly in the recurrent and metastatic setting, conformal radiation techniques 
like Stereotactic Body Radiotherapy (SBRT), could be a useful treatment modality. 
This Chapter discusses the role of SBRT in the treatment of soft tissue sarcomas.  

  Keywords     Soft tissue Sarcoma   •   Radioresistant   •   Stereotactic body radiotherapy  

17.1         Introduction 

 The American Cancer Society estimates that over 11,300 new cases of soft tissue 
sarcoma (STS) will be diagnosed in the United States in 2012 with more than 3,900 
patients dying of this disease [ 1 ]. In addition another 2,900 will be affl icted with 
cancers of the bone and joints with 1,400 of them dying from it. Surgery with or 
without adjuvant radiation remains the cornerstone of therapy and with systemic 
therapy largely being reserved for metastatic disease. Bone and soft tissue sarcoma 
is historically considered a “radioresistant” tumor because conventionally fraction-
ated radiation treatments have not been shown to be effective as primary treatment 
for this disease. Moreover, they may arise in virtually any anatomical site, are 
uncommon tumors and large studies are largely absent and numbers relating to any 
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particular site or type, very small or anecdotal. Delivery of high doses of radiation 
has been limited by the tolerance of normal tissue surrounding the tumor. The devel-
opment of radiosurgery—allowing an accurate delivery of high doses of radiation to 
a tumor while maximally sparing surrounding normal organs—may allow the radio-
resistance of sarcomas to be overcome. This may be particularly true for localized 
unresectable disease, recurrent disease, as a boost to adjuvant radiation and for lim-
ited metastatic disease. This chapter will give a background to these aspects of the 
disease, whereas data on dose fractionation and outcomes for radiosurgery is lim-
ited, extrapolation from other radiation treatment techniques will be presented. 
Limited clinical experience using radiosurgery to treat metastatic sites of sarcoma 
as well as early experience using radiosurgery for primary unresectable sarcomas 
appear promising and justify further study of this treatment approach.  

17.2     Background and Rationale 

 There are many different subtypes, which, for the purposes of discussion can be 
divided, broadly, into primaries in bone and those arising in soft tissues. They can 
present at any age, but the age range and site within the body on presentation vary with 
the histological type, as do the natural history and sensitivity to chemotherapy and 
radiotherapy. The majority of primaries are in the limbs although there are substantial 
subgroups within the abdomen and pelvis, base of skull, spine and head and neck. 

 Types such as osteosarcoma, Ewing’s, and rhabdomyosarcoma in the young have 
a high risk of metastatic disease at presentation, with clear benefi t for the use of 
intensive chemotherapy regimens. In contrast, the natural course of chondrosar-
coma and chordoma is dominated by local regional failure and dissemination tends 
to be a late manifestation and chemotherapy, at present, has no prominent role in 
these two types. Soft tissue sarcoma of adult type is somewhat intermediate, with 
30–70 % eventually manifesting metastases and an intermediate chemosensitivity.  

17.3     Radiation Therapy for Sarcoma 

 The primary treatment of STS patients is surgery. The wider the local excision, the 
lower the probability of local failure and amputations are seldom necessary. 
Adjuvant RT is offered in addition to limb-sparing surgery to optimize local control. 
Two prospective randomized trials have shown signifi cant improvement in local 
control by the addition of adjuvant RT to limb-sparing surgery [ 2 ,  3 ]. One study 
used external beam RT (EBRT), randomizing 141 patients (91 with high-grade 
tumors, 50 with low-grade tumors) to receive or not receive postoperative RT. Patients 
with high-grade tumors also received chemotherapy. The actuarial local failure rate 
at 10 years in the high-grade tumors was 0 % for the RT group and 22 % for the no 
RT group (P = .0001). Benefi t was also seen in the low-grade tumors (P = .003) [ 2 ]. 
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A second study evaluated postoperative brachytherapy (BRT), randomizing 164 
patients to BRT or no additional treatment. The actuarial estimate of freedom from 
local recurrence at 60 months was 82 and 69 % for the BRT and no BRT groups, 
respectively (P = .04) [ 3 ]. A third trial addressed the infl uence of preoperative vs. 
postoperative EBRT comparing 50 Gy in 25 fractions preoperatively and 66 Gy in 
33 fractions postoperatively [ 4 ]. While improved treatment compliance resulted in 
slightly better overall survival, there were more wound related complications asso-
ciated with preopertaive RT. Subsequent analysis revealed no difference in overall 
survival between pre and postoperative cohorts, however, late radiation morbidity 
was more signifi cant in patients who received postoperative RT [ 5 ]. 

 Evidence from systematic reviews [ 6 ,  7 ] strong strongly suggest that adjuvant 
RT improves local control combined with conservative surgery in the treatment of 
ESTS and trunk sarcomas in patients with negative, marginal, or minimally micro-
scopically positive surgical margins. Furthermore, an analysis of 6,960 patients in 
the Surveillance, Epidemiology, and End Results database has demonstrated a sur-
vival benefi t for the addition of RT to surgery in ESTSs, especially for large, high- 
grade sarcomas [ 8 ]. 

 Interstitial BRT has been demonstrated to be an effective method of delivering 
adjuvant RT, within a considerably shorter treatment time than EBRT, and with 
potentially smaller treatment volumes. However, it is a complex and labor-intensive 
technique, hence, its relatively limited use. A report by Alektiar et al. demonstrated 
a 5-year local control rate of 83 %, which seemed lower than the rates achieved in 
EBRT series [ 9 ]. 

 High-dose photon irradiation (50–70 Gy) can be used in combination with 
aggressive chemotherapy when tumors are located in surgically inaccessible sites 
such as the pelvic bone, vertebral column, and base of the skull. Chondrosarcomas 
and chordomas, considered relatively more radiotherapy resistant among sarcomas, 
are particularly amenable for such radiation techniques. Local control rates of 
85–100 % with mixed photon/proton or proton-only protocols (doses up to 79 cobalt 
Gray equivalents) have been reported [ 10 – 12 ]. 

 Radiotherapy can be considered after incomplete resection, aiming at maximal 
local control (curative) and in situations where resection is not feasible or would 
cause unacceptable morbidity (palliative). These are also sites where radiotherapy, 
even in conventional doses may not be possible. Margin negative surgery is a major 
factor in local control, survival and the adverse effect of a positive margin, while 
improved by radiotherapy is not eliminated [ 13 ]. For curative intentions, doses 
>60 Gy or equivalent are required to achieve local control. 

 There is some data on dose/response for unresected soft tissue sarcoma with 
conventional external beam radiotherapy. Doses of greater than 63 Gy were associ-
ate with local control rate of 60 % compared with 22 % at lower doses [ 14 ]. Proton 
therapy to doses of 69 CGy are reported to produce 74 % 4 year local control [ 15 ]. 
The relationship of control to residual volume is clear from many of the larger 
series. The largest such series suggest that local control rate overall may be 50 % in 
tumor not more than 5 cm, falling lower in larger tumors [ 14 ]. In patients with 
chordoma and chondrosarcoma treated with doses of 65 Gy by IMRT resulting in 
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an overall 5 years local control rate of 83 %, a GTV (Gross Tumor Volume) of not 
more than 30 cc was predictive of higher control [ 10 ]. Whilst calculation based on 
the linear quadratic equation may not be reliable at low fraction numbers these data 
may inform the dose selection for stereotactic radiotherapy. Robust dose/volume 
response relationship for stereotactic radiotherapy and radiosurgery is not yet avail-
able from the literature, but volume treated clearly needs to be considered in patient 
selection and interpretation of results.  

17.4     Stereotactic Body Radiotherapy (SBRT) for Sarcoma 

 Specifi c data on soft tissue sarcoma treated by stereotactic techniques is limited 
with reports being anecdotal at particularly diffi cult sites or with lesions reported as 
part of larger series. Such tumors have usually been treated on institutional proto-
cols with no evidence, to date, of a different effectiveness in local control although 
the value of that clearly varies with the natural history and of the tumor type and 
patient selection [ 16 ,  17 ]. 

 SBRT not only allows the delivery of high Biologically Equivalent Dose (BED) 
in excess of 65 Gy to paraspinal, spinal and other unresectable sarcomas, and also 
allows the dose to be hypofractionated. This may potentially be an advantage if the 
assumption of a low α/β ratio for sarcomas is true. When normal tissue toxicity 
limits the dose of conventional radiation, which can be delivered, SBRT provides an 
attractive option. 

 There has been stereotactic radiosurgery (SRS) experience in skull base and spi-
nal chondrosarcomas in the last two decades. Single fraction SRS with marginal 
doses of 14–18 Gy achieving 50–80 % 5–10 year control rates have been reported 
for primary and recurrent chordomas and chondrosarcomas [ 18 – 21 ]. More limited 
short term outcomes with fractionated SBRT in spinal sarcomas have also been 
recently reported [ 22 ,  23 ]. SBRT has also proved to be useful anecdotally in unusual 
sarcomas in critical locations [ 24 – 26 ]. 

17.4.1     Metastatic Sarcoma 

 The most common primary site for metastatic disease is the lung, with bone less 
common; intracranial, liver and other soft tissue deposits are uncommon and are 
rarely isolated. The mean survival after development of secondary disease is 
18 months but with a fairly wide range. Overall a longer disease free interval pre-
dicts for a longer survival after development of secondary metastases. 

 The best evidence base for local treatment is for lung metastases where there is 
an extensive surgical literature suggesting survival at 5 years of 25–50 % for soft 
tissue sarcoma and 34–50 % in osteosarcoma in selected patients [ 27 ] who under-
went metastatectomy. The consistent factor suggestive of a better outcome are:—
disease free interval from initial presentation to development of metastases 
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(12–18 months), with other prognostic factors reported as number of metastases 
(not more than 5) and, possibly, size of largest metastasis [ 27 – 29 ]. More limited 
literature suggests an equivalent outcome for RFA with 1 and 2 years PFS of the 
order of 50–55 and 20–35 % respectively [ 30 ]. Stereotactic radiotherapy for pulmo-
nary sarcoma metastases has been reported by a number of authors, has been is 
associated with a local control rate of 90 % at 2 years and 85 % at 3 year with mar-
ginal doses of 50–60 Gy in 4–6 fractions and a survival comparable to surgical 
series of 75 and 63 % at 2 and 3 years respectively [ 31 ]. The development of bone 
metastases in sarcoma is usually associated with a limited prognosis (median 
6 months) and the usual aim of local therapy is palliation. The evidence for radio-
surgery in such tumors, within larger series of spinal metastases suggests an equiva-
lent control to other tumor types [ 32 ].  

17.4.2     Cerebral Metastases 

 These are relatively uncommon in sarcoma. There is a small literature on radiosur-
gery in their management. Most suggests equivalent local control to that in other 
tumor types. One study of 21 patients with intracerebral deposits treated with single 
fraction radiotherapy—a mean volume of 6.2 cm, and median marginal dose of 
16Gy reported 88 % local control with 1 year survival of 61 % but high incidence of 
subsequent other intracerebral lesions with or without whole brain radiotherapy 
[ 33 ]. However in another study, patients with sarcoma (median volume 1.6 cm, 
median marginal dose 18Gy)-did signifi cantly worse than other relatively resistant 
types, possibly because of the high incidence of further lesions [ 34 ].   

17.5     Patient Selection 

 Patients with histological or radiologically confi rmed sarcoma which are unresect-
able, recurrent or oligometastatic are candidates for SBRT. Lesions in diffi cult loca-
tions precluding excisional surgery & high dose conventionally fractionated 
radiation are particularly good candidates. 

 In summary stereotactic radiotherapy may have a role in the following 
circumstances:

•    inoperable tumors in critical sites;  
•   small tumors following surgery with gross or microscopic residual disease where 

adjuvant radiotherapy is limited by normal tissue toxicity of critical structures;  
•   recurrent sarcoma— at primary site;  
•   metastatic;  
•   and especially in tumor types particularly resistant to radiotherapy—chordoma, 

chondrosarcoma, osteosarcoma—exploiting the higher biological dose that can 
be given by these techniques.    
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 Many SBRT systems utilize fi ducial markers for respiratory and motion tracking 
(e.g. Cyberknife). Inability to place fi ducials, due to patient anatomy or bleeding 
diathesis, may prove to be relative contraindications for the procedure, unless other 
image guided techniques or immobilization is implemented. Large central abdomi-
nal tumors, with limited renal function may be relative contraindications.  

17.6     Treatment Planning and Delivery 

 The decision between single fraction radiosurgery and more fractionated stereotac-
tic dose/fractionation will depend on tumor size and proximity to sensitive struc-
tures, such as spinal cord or previously irradiated tissue (especially neural or 
mediastinal). Whilst base of skull and spinal and paraspinal lesions may be local-
ized with image guided tracking, soft tissue deposits will require fi ducial placement 
as for other tumors at these sites. Poor respiratory reserve, bleeding diathesis and 
other signifi cant co-morbidities may prelude treatment. Particular sites, such as 
those in or adjacent to heart and pulmonary vessels may be amenable to co- 
ordination with the cardiac cycle. 

 Simulation is usually in a supine position with reproducible immobilization, usu-
ally in a comfortable vacuum device. IV contrast is benefi cial in accurate visualiza-
tion of the target and organs at risk. Optional sequences based on the system used 
are, arms up and down, inspiration-expiration and 4D CT. Respiratory dampening 
and respiratory gating to account for motion management may need special proce-
dures. Fusion of the planning CT scan with recent MRI, or PET images may assist 
target defi nition. Performance of these diagnostic images in the treatment position 
and on a therapy couch will facilitate fusion and minimize error in co-registration. 
Where target is close to or into the spinal canal CT myelogram may add to localiza-
tion of the spinal cord. 

 Once the image set with fusion is available, the next step is to delineate the target 
volume. The GTV (Gross Tumor Volume), CTV (Clinical Target Volume—based 
on predicted microscopic extension of the tumor) are defi ned. Though the main 
tumor mass = often appears well defi ned/encompassed by a pseudocapsule, tumor 
cells have been found at some distance from the main tumor mass within “peritu-
moral edema” as defi ned by the high T2 weighted signal changes surrounding the 
primary soft tissue sarcoma [ 35 ]. Thus PTV should include both the primary mass 
as well as surrounding area of increased T2signal intensity. Data on secondaries are 
limited but it would appear that metastases are well defi ned with minimal infi ltra-
tion into adjacent parenchyma. The expansion for PTV (Planning target volume) is 
often described differently with different systems. With fi ducial based continuous 
live motion tracking (e.g. Cyberknife) the GTV may be considered the PTV, but 
generally a few mm may be added. The pixel size of the CT scan should be taken 
into account when growing margin On the other hand with gating and respiratory 
dampening increasing margins are required to achieve target coverage with the pre-
scribed dose- typically 3–5 mm. 
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 Organs at risk are identifi ed–Typically when treating in 3 fractions, the recom-
mended dose constraints for organs at risk are as follows: Spinal cord: Limited to 
6 Gy per fraction, maximum total point dose to spinal cord of 18 Gy; Stomach: 
Limited to 8 Gy per fraction (allow up to 3 cc of stomach to receive this dose) and 
a maximum point dose of 30 Gy; Liver: At least 700 cc of liver receiving less than 
7 Gy total dose with V15 and V21 <50 % and 30 % respectively; Small and Large 
Bowel: Limited to 8 Gy × 3 (to 1 cc) and a maximum point dose of 10 Gy × 3; <30 % 
of one kidney receiving 15 Gy. 

 Typical prescription doses range from 15–16 Gy × 3 = 45–48 Gy for smaller 
tumors (<5 cm) and 12 Gy × 4 = 48 Gy for larger tumors. Dose fractionation is 
often modifi ed to meet normal tissue constraints; varying from 5–6 Gy × 5 to 
16–18 Gy × 3. The prescription dose will be to the percentage isodose volume that 
encompasses the PTV; typically 95 % of the PTV receives the prescribed dose. 
The plan will be constructed so that the chosen prescription percentage isodose 
volume is left to the discretion of the treating physician but is expected to fall 
generally in the range of 60–80 %. Treatments may be delivered in 3 consecutive 
or alternate days. 

 A representative treatment plan is shown in Fig.  17.1 .

  Fig. 17.1    Representative treatment plan of recurrent soft tisuue sarcoma SBRT reirradiation using 
the Cyberknife TM  technique       
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17.7        Toxicity 

 Patients will need to be monitored during the treatment course with documentation 
of acute toxicity. No treatment related toxicities are usually seen other than mild 
fatigue. Brisk skin reaction can be anticipated with extremity superfi cial sarcomas. 
Fibrosis and lymphedema are long term concerns. Nausea has been reported in 
abdominal sarcomas and is managed conservatively with prophylactic or therapeu-
tic antiemetics.  

17.8     Post Treatment Care 

 Periodic clinical and radiological follow up is warranted based on institutional pro-
tocol. A 1 month baseline toxicity and response assessment clinical follow up and 
MRI, followed by 3–6 month assessment in the fi rst couple of years and less often 
thereafter is advised. Adverse events and radiological assessments need to be care-
fully monitored and recorded.  

17.9     Future Directions 

 The role of SBRT for sarcomas is evolving. Systematic study on prospective studies 
are warranted to assess comparative effectiveness, toxicity, cost benefi t and quality 
of life benefi ts, Better understanding of dose fractionation and radiobiology will 
help defi ne defi nitive role for SBRT for sarcomas.     
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