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Background: The management of patients with liver metastases presents a challenging problem 

in clinical oncology. Patients with limited involvement of the liver may be suitable for surgical 

resection or local ablative techniques. Stereotactic body radiotherapy (SBRT) presents an emerg-

ing new technology that has shown high efficacy in ablating tumors at various disease sites.

Methods: A comprehensive literature search was performed to identify articles in regard to 

the SBRT in the treatment of patients with liver metastases.

Results: SBRT allows for the delivery of high-dose radiation in few fractions to the tumor with 

extreme accuracy, while minimizing the damage to normal surrounding tissue. The CyberKnife® 

system is an image-guided robotic system that delivers SBRT, tracks tumors during respiration, 

and automatically adjusts treatment for any patient movement. The most frequently used indica-

tions for CyberKnife® therapy are #5 liver metastases with maximum tumor sizes of 6 cm, no 

extrahepatic disease, good performance status, and adequate hepatic functions. Local control 

rates range from 70%–100% at 1 year and from 60%–90% at 2 years. Severe toxicity related 

to SBRT is uncommon – grade three side effects occur in less than 5% of cases. Despite excel-

lent local control rates, out-of-field metastatic progression (out-of-field hepatic metastases and 

extrahepatic metastases) develops in a substantial proportion of patients after SBRT. Therefore, 

it seems essential to improve the selection of patients with liver metastases for SBRT.

Conclusion: The CyberKnife® system presents an effective minimally invasive treatment 

modality for patients with hepatic oligometastases who are not suitable candidates for radical 

liver resection. The available data suggest that liver metastases can be treated by CyberKnife 

therapy with very low toxicity and excellent local control rates.

Keywords: CyberKnife, liver metastases, stereotactic body radiotherapy, indications, clinical 

outcomes, toxicity

Introduction
The management of patients with liver metastases presents a challenging problem in 

clinical oncology. Without treatment, the 3-year survival rates remain dismal at 3%.1,2 

Systemic treatment given with palliative intent is the only available therapy for the vast 

majority of patients.3,4 Patients with limited involvement of the liver may be suitable 

for surgical resection or local ablative techniques.

Despite significant advancements in surgical techniques during the last decades, 

only a small proportion of patients (20%–30%) are eligible for surgical resection 

because of tumor location, multifocality, proximity of tumor to vessels, or inadequate 

functional hepatic reserve.3,4 In an effort to provide treatment for patients who are not 

candidates for surgery, novel treatment approaches to control and potentially cure liver 
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oligometastases are being explored (such as chemoemboliza-

tion, thermal ablation, radiotherapy).5–7

Stereotactic body radiotherapy (SBRT) presents an 

emerging new technology that has shown high efficacy in 

ablating tumors at various disease sites. SBRT allows for 

the delivery of high-dose radiation in few fractions to the 

tumor with extreme accuracy, while minimizing the damage 

to normal surrounding tissue.6,8,9 The CyberKnife® system 

(Accuray Incorporated, Sunnyvale, CA, USA) is an image-

guided robotic system that delivers SBRT, tracks tumors 

during respiration, and automatically adjusts treatment for 

any patient movement.10,11

The aim of the present paper is to offer an up-to-date 

review of current available data on the rationale, feasibility, 

safety, and outcomes of SBRT using the CyberKnife system 

in the treatment of patients with liver metastases.

Materials and methods
A comprehensive literature search was performed to identify 

articles in regard to the SBRT in the treatment of patients 

with liver metastases. The search combined the following 

terms: SBRT, CyberKnife, robotic radiotherapy, and liver 

metastases. Sources were Medline, PubMed, and Google 

Scholar database. The Medline search was combined with 

back tracking based on published reference lists.

Results
Stereotactic body radiotherapy (SBRT)
The concept of stereotactic radiosurgery for intracranial 

tumors treatment was first proposed by Lars Leksell in 

1951.12 During the following decades, several systems of 

linear accelerators have been developed with an aim to 

deliver high, ablative radiation doses with maximal dose 

fall-off outside the treatment volume.6,13 However, the use 

of stereotactic radiosurgery for extracranial tumor treat-

ment has been limited because of movement caused by the 

respiratory cycle.14

SBRT originated from the principles of a frame-based 

stereotacic targeting system used in neurosurgery. SBRT 

is defined as the external beam radiotherapy used to deliver 

larger doses of highly conformal radiation with steep dose 

gradients toward the surrounding normal tissue over a lim-

ited number of fractions to an extracranial target within the 

body.15 An image-guided targeting system (resulting from 

advancements in image guidance and radiation delivery 

technology) allows the SBRT to be used for whole-body 

radiosurgery.7,9

In 1997, Adler et al introduced the CyberKnife® Robotic 

System (Accuray Incorporated) – a new frameless robotic 

system for radiosurgery.16 CyberKnife consists of a linear 

accelerator mounted on an industrial robotized arm, which 

allows 6 df, allowing up to 1,320 different treatment positions 

with sub-millimetric accuracy.13,17

CyberKnife was the first robotic device in which a human 

was permitted to be present within a robot workspace. As 

safety precautions, regulations limit the speed of motion of 

the robot and require its travel only along a set of pre-defined 

paths, stopping at treatment “nodes.” At each stopping posi-

tion, the robot can change the beam angle within limits to 

create 12 beam directions at each node.6

The principal components of the CyberKnife Robotic 

System (robotized arm, linear accelerator, collimator, X-ray 

imaging, etc.) are presented in Figure 1. The fundamental 

design advantage of the CyberKnife Robotic System is its 

method of active image guidance during treatment. Tracking 

system software monitors respiratory movements through 

LED’s applied to the patient’s chest and correlates the data 

with movements of a fiducial-marked target lesion. The 

sophisticated system allows increasing the dose per session 

beyond 8 Gy with a high degree of spatial accuracy. Although 

the system is capable of imaging before every treatment beam, 

imaging every third to fifth beam (or every 20–60 seconds) 

is sufficient. The treatment course usually consists of 1–5 

sessions, with each session lasting ~20–30 minutes.6,13

Treatment options for patients with liver 
metastases
Surgical resection is considered to be the optimal treatment 

modality with a curative effect offering long-term survival 

to the subgroup of patients with limited metastatic dis-

ease in the liver. Nonrandomized studies have shown that 

patients undergoing radical resection have 5-year survivals 

Figure 1 Cyberknife® Robotic System and its components. 1. Robotized arm, 
2. linear accelerator, 3. X-ray imaging, 4. X-ray detectors, 5. Robocouch™ table.
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of 30%–58%.2,18,19 However, resection is possible only in 

10%–25% of patients with liver metastases at the time they 

are first detected. Patients with liver oligometastases unsuit-

able for radical surgical resection (due to technical or medical 

reasons) may be treated by local ablative techniques such as 

radiofrequency ablation (RFA), cryotherapy, radioemboliza-

tion, laser-induced thermotherapy, or SBRT.9

RFA has become the most widely used ablative technique, 

which is based on the local application of radiofrequency 

energy producing thermal destruction of the tumor. Radio-

frequency energy is applied through a needle electrode placed 

directly into the tumor.5,20 When optimal conditions are 

reached, effective ablation of hepatic lesions with diameters 

of 5–7 cm is possible.5,20,21 There are several limitations of 

RFA application, especially in regard to lesion’s location 

and size, proximity to great vessels, or subcapsular posi-

tion. Local recurrence after RFA is reported in up to 40% of 

patients; the tumor size and proximity to great vessels are 

associated with higher risk of local recurrences.3,20,22

SBRT presents a novel, locally ablative technique with 

excellent local control rates. With respect to the aforemen-

tioned limitations of RFA, SBRT seems to be superior in 

the local ablation of liver metastases because of higher 

local control rates, low toxicity, and significantly less 

technical limitations.8–10,17 During multidisciplinary team 

meetings, SBRT of unresectable liver metastases should, 

therefore, be preferred (provided the CyberKnife system 

is available).

There is a significant heterogeneity regarding the indica-

tion criteria and parameters concerning SBRT of liver metasta-

ses (colorectal carcinoma vs other primary subtypes, different 

tumor volumes, various total doses/doses per fraction, dosim-

etric planning criteria, etc.) in the available literature.9,17 The 

most frequently used indications for CyberKnife therapy are 

#5 liver metastases with maximum tumor sizes of 6 cm, no 

extrahepatic disease, good performance status, and adequate 

hepatic functions.8–11,17,23–25 In our center (Ostrava, Czech 

Republic), the following indication criteria for CyberKnife 

therapy of liver metastases are employed:

•	 #5 liver metastases;

•	 diameter of the lesions to be treated #6 cm;

•	 cancer controlled outside the liver;

•	 volume of healthy liver .700 cm3;

•	 good performance status (Karnofsky performance 

score $70);

•	 life expectancy of more than 3 months; and

•	 adequate liver function (aspartate aminotransferase and 

alanine aminotransferase #5×upper limit of normal 

[ULN]).

All substantive limitations of the SBRT therapy of liver 

metastases can be deduced from the indication criteria for 

SBRT. The relative limitation of CyberKnife therapy is the 

proximity of adjacent critical structures (lung, esophagus, 

heart, stomach, etc.). That is why CyberKnife treatment 

planning has to be adjusted with respect to the proximity of 

these critical structures.

The main disadvantage of the SBRT therapy is its limited 

availability to patients because of the restricted number of 

CyberKnife devices worldwide. CyberKnife therapy requires 

specialized therapeutic teams, availability of technical facili-

ties, and decisions made at multidisciplinary consultative 

meetings.

SBRT planning and doses
In patients who are candidates for CyberKnife therapy, 

radio-opaque fiducial markers are inserted within and around 

the tumor to enable tracking. Radio-opaque 3-mm long gold 

fiducials are placed percutaneously under CT guidance by 

an interventional radiologist. A treatment planning CT scan 

with intravenous contrast to highlight the tumor lesion(s) is 

performed at least 1 week after fiducial placement to avoid 

marker migration between the simulation and the start of 

the treatment.17,23,24

A gross tumor volume (GTV) is delineated on the CT 

scans. Typically, a margin of 3–5 mm is added to the GTV 

to form the planning target volume (PTV).24 The adjacent 

critical structures (lung, esophagus, heart, thoracic wall or 

ribs, kidneys, intestinal structures, stomach, spinal canal, and 

a 4-mm skin area) are delineated during the treatment 

planning. Presently, SBRT is usually performed by the 

CyberKnife system (Accuray Incorporated) and planned 

using Multiplan treatment planning software. The Synchrony 

Respiratory Tracking System is used to continuously tract 

fiducial position and synchronize beam delivery with respi-

ratory motion.6,8,10

The SBRT prescription doses for the ablation of liver 

metastases vary in published literature. The authors of a 

multicenter study reported that local control rates may be 

a function of dose per fraction, total dose, and biologically 

equivalent dose. The authors, therefore, recommend a dose 

of at least 48 Gy in three fractions in the treatment of liver 

metastases.24 Most SBRT studies used doses ranging from 

30–60 Gy in one-to-six fractions.25 According to available 

data, a minimal dose of 40 Gy in three fractions seems to be 

necessary to obtain good local control.17,24–26

In a prospective dose-escalation study, different doses 

(30 Gy in three fractions, 50 Gy in five fractions, and 60 Gy in 

six fractions) have been compared in the SBRT treatment of 
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liver metastases. The rates of complete and partial responses 

(at 6 and 12 months) were significantly higher in the 60 Gy 

group in comparison with the 50 Gy and 30 Gy groups. 

However, the local control rate at 12 months was only sig-

nificantly different between the 60 Gy and 30 Gy groups. 

There was no difference in overall survival at 1 and 2 years.25 

In France and Belgium, a dose of 45 Gy in three fractions is 

recommended currently for the treatment of colorectal liver 

metastases.10,17 In an effort to maximize effectiveness of 

SBRT and with respect to the fact that SBRT is well tolerated 

(side effects and toxicity see below), we prescribe a dose of 

50–60 Gy in five fractions in our center.

Clinical outcomes and side effects
The effectiveness of CyberKnife therapy is measured by 

the rates of local control achieved; the main goal is to improve 

the time to progression and overall survival of patients. In 

general, excellent local control of liver metastases treated by 

CyberKnife has been reported. Local control rates range from 

70%–100% at 1 year and from 60%–90% at 2 years.17,24–33 The 

differences between published studies depend on the tumor 

volume and histopathology, prior therapy, radiotherapy (RT) 

dose, and fractionation regimens that have been used. Table 1 

shows an overview of the most pertinent studies focused 

on SBRT of liver metastases within the last 10 years (data 

Table 1 Summary of SBRT using the CyberKnife® system in the treatment of patients with liver metastases

Reference Study 
year

Number of 
patients (number 
of lesions)

Tumor volume Primary site 
of metastases

RT dose Clinical outcomes

Aitken et al34 2015 73 (87) 0.2–110.4 mL 
(median 6.34 mL)

Mixed 21–60 Gy in 
3–5 fractions

2-year LC 89.6%
2-year survival 79.8%

Berkovic et al10 2017 42 (55) 30.5–96.8 mL Mixed (mostly 
CRC)

45 Gy in  
3 fractions

1-year LC 81.3%
2-year LC 76.3%
2-year survival 78.3%

Dewas et al31 2012 120 (153) 0.5–11.2 cm 
(median 3.3 cm)

Mixed (mostly 
HCC and CRC)

27–45 Gy in 
3–4 fractions

l-year LC 84%
2-year LC 74.6%
2-year survival 58.3%

Fumagalli et al32 2012 90 (139) 0.7–11.0 cm 
(median 2.8 cm)

Mixed (mostly 
CRC, breast, 
and lung)

27–60 Gy in 
3–6 fractions

1-year LC 84.5%
2-year LC 66.1%
2-year survival 70%

Goodman et al35 2016 81 (106) 0.9–10.2 cm 
(median 2.7 cm)

Mixed (mostly 
CRC)

30–60 Gy in 
3–5 fractions

1-year LC 96%
2-year LC 91%
Median survival 33.6 months

Chang et al24 2011 65 (102) 0.6–3,088 mL 
(median 30.1 mL)

CRC 22–60 Gy in 
1–6 fractions

1-year LC 62%
2-year LC 45%
1-year survival 72%

Kress et al23 2012 11 (14) 21–225 mL 
(median 99.7 mL)

CRC 16–42 Gy in 
2–5 fractions

1-year LC 72%
Median survival 16.1 months

Lee et al29 2009 68 (143) 1.2–3,090 mL 
(median 75.9 mL)

Mixed (mostly 
CRC and breast)

27–60 Gy in  
6 fractions

1-year LC 71%
Median survival 17.6 months

McPartlin et al33 2017 60 (105) 0.6–403.5 mL 
(median 40.8 mL)

CRC 22.7–62.1 Gy 
in 6 fractions

1-year LC 50%
2-year LC 32%
Median survival 16.0 months

Rule et al25 2011 27 (37) 0.4–7.8 cm 
(median 2.5 cm)

Mixed (mostly 
CRC)

30–60 Gy in 
3–5 fractions

2-year survival 56%–100%

Rusthoven et al30 2009 47 (63) 0.7–98 mL 
(median 14.9 mL)

Mixed (mostly 
CRC and lung)

36–60 Gy in  
3 fractions

l-year LC 95%
2-year LC 92%
Median survival 20.5 months

Yuan et al11 2014 57 (80) 2.5–125.6 mL 
(median 27.6 mL)

Mixed (mostly 
CRC, pancreatic, 
breast, and lung)

39–54 Gy in 
3–7 fractions

1-year LC 94.4%
2-year LC 89.7%
Median survival 37.5 months

van der Pool 
et al27

2010 20 (31) 0.7–6.2 cm 
(median 2.3 cm)

CRC 30–37.5 Gy in 
3 fractions

1-year LC 100%
2-year LC 74%
Median survival 34 months

vautravers-Dewas 
et al26

2011 42 (62) 0.7–10.0 cm 
(median 3.4 cm)

Mixed (mostly 
CRC)

40–45 Gy in 
3–4 fractions

1-year LC 90%
2-year LC 86%
2-year survival 48%

Abbreviations: SBRT, stereotactic body radiotherapy; RT, radiotherapy; LC, local control; HCC, hepatocellular carcinoma; CRC, colorectal cancer.
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regarding number of patients/number of lesions, tumor vol-

ume, RT dose, and clinical outcomes are presented).

In 2012, Høyer et al9 reviewed the available evidence, and 

concluded that the median overall survival after CyberKnife® 

therapy ranges from 10–34 months; 2-year overall survival 

rates were reported in 30%–83% of patients, with occasional 

long-term survivors.27 Within the last years, clinical outcomes 

of liver metastases treated by CyberKnife® further improved 

due to increasing knowledge, technology enhancements, 

standard dose recommendations, and organ-at-risk con-

straints. The authors of the most recent studies report local 

control rates at 2 years of more than 76.3%; 1-year survival 

rates of more than 84.5% and 2-year survival rates of more 

than 72.3%.10,11,34,35

The prognostic factors that favor achievement of local 

control after CyberKnife® therapy are: tumor size #6 cm, #3 

lesions, metachronous metastases, no prior chemotherapy, 

and non-colorectal liver metastases.17 The worst outcomes 

of colorectal metastases treated by the CyberKnife sys-

tem are probably caused by the fact that most of these 

patients have been heavily pretreated with other local and 

systemic treatment modalities before being referred for 

CyberKnife®.9,17,36

In regard to the aforementioned data, SBRT seems to be 

more effective in the local ablation of liver metastases in com-

parison with RFA (local control rates after RFA range from 

40%–96%). Moreover, there are many more technical limita-

tions of RFA application.3,20,22,37 To the best of our knowledge, 

there is only one study focused on the comparison of SBRT 

and RFA. The local control rates at 1 and 2 years favored 

SBRT (85% vs 65% and 80% vs 61%, respectively), but the 

differences were not statistically significant. Local disease-free 

survival was significantly longer in patients treated with SBRT 

in comparison with RFA (34.4 months vs 6.0 months).37

SBRT of liver metastases is a very well-tolerated mini-

mally invasive treatment modality. Acute side effects grade 

1–2 (nausea, vomiting, abdominal pain, and peptic ulcers) 

are the most frequent side effects, which are encountered 

amongst 10%–30% of patients. Currently, nausea and vomit-

ing are usually prevented by the prophylactic administration 

of antiemetics; peptic ulcers are prevented by proton pump 

inhibitors.8,9,17

Severe toxicity related to SBRT is uncommon – grade 3 

side effects occur in less than 5% of cases: mostly elevated 

liver enzymes or gastroduodenal ulceration in patients with 

lesions situated close to the digestive structures.17 Radiation-

induced liver disease (RILD) is an acute reaction occurring 

between 2 weeks and 4 months after radiotherapy in patients 

who received a dose of at least 30 Gy to the whole liver.9,38 

Méndez Romero et al28 reported two cases of RILD after 

SBRT. However, no cases of RILS have been described 

in the vast majority of studies focused on SBRT of liver 

metastases.10,11,25,29,30 Very low RILD incidence is probably 

the consequence of extreme accuracy of radiation delivery 

on PTV during CyberKnife® therapy.

According to the outcomes of dose-escalation studies, 

toxicity did not differ, regardless of the prescribed dose dur-

ing SBRT; no threshold dose has been defined yet. Toxicity 

is more likely to develop in patients receiving a high radia-

tion dose to adjacent organs at risk or in patients receiving 

radiation to large volumes of the liver.

Oligometastatic disease
Despite excellent local control rates, out-of-field metastatic 

progression (out-of-field hepatic metastases and extrahepatic 

metastases) develops in a substantial proportion of patients 

after SBRT.8,9,39 Currently, the selection of patients for SBRT 

is based on clinical criteria only. Therefore, it seems essential 

to improve the selection of patients with liver metastases 

for SBRT.

It has been suggested that cancer progression has a multi-

step nature, with a state of oligometastases between the stages 

of purely localized and widely metastatic disease. The concept 

of oligometastatic disease was first introduced by Hellman 

and Weichselbaum40 in 1995. In an early stage of disease pro-

gression, tumors may have metastases limited in number and 

location because the tumors’ ability for metastatic growth has 

not been fully developed yet. If oligometastatic disease is eradi-

cated using local ablative procedures, patients may be cured.39 

This hypothesis has been supported by studies reporting that 

patients with oligometastatic disease after radical surgical 

resection have 5-year survival rates of 30%–50%.2,18,19

Acceptance of the oligometastatic disease paradigm 

requires the use of the most sophisticated diagnostic tech-

niques in an effort to objectively categorize patients. Local-

ized tumors, oligometastatic disease, and widely metastatic 

tumors are likely to require different strategies. The methods 

(biomarkers) that objectively and unequivocally identify 

patients with oligometastatic disease are needed.39,41 Subse-

quently, a group of oligometastatic patients could be offered 

a curative treatment such as radical surgical resection or 

CyberKnife therapy.

Conclusion
SBRT presents an effective minimally invasive treatment 

modality for patients with hepatic oligometastases who 
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are not suitable candidates for radical liver resection. The 

CyberKnife® system allows for the delivery of high-dose 

radiation in a few fractions to the tumor with millimetric 

precision. The available data suggest that liver metastases 

can be treated by CyberKnife® therapy with very low toxicity 

and excellent local control rates ranging from 70%–100% 

at 1–2 years. In patients with oligometastatic disease, 

CyberKnife® therapy may lead to a complete remission 

and cure. The ability to identify patients at the oligometa-

static stage of the disease presents the current challenge in 

oncology.
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