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Abstract

Objectives We retrospectively evaluate local control rate at 6 months and 1 year in oligometastatic cancer patients treated with
SBRT using CyberKnife.

Methods Total of 21 patients with 24 treatment sites from February 2014 till June 2017 who were treated with SBRT in our
institution were included in this study.

Results Eleven patients were males, 10 patients were females, median age at diagnosis was 63 years, and colorectal cancer is the
most commonly diagnosed cancer in 18 patients. The abdomino-pelvic lymph nodes were the commonest treatment site in 11
(45.8%), average PTV volume of 46.4 cc. All the patients received SBRT with average (BED) of 97 GY, 7 treatment sites
received BED of < 100GY group 1, and 17 received BED > 100GY group 2. No reported G3 or G4 acute or chronic toxicity. The
6 months and 1 year local control (LC) were 95.8 and 88.2%, respectively. After a median follow-up of 16.8 months, 19(90.5%)
patients were alive; among them, local progression was observed in 1 (4.1%) treatment site, while systemic progression in 4
(16.6%), and two (9.5%) patients died; they had both local and systemic failures. The 1-year local PFS rate was 82%. In
univariate analysis, PTV volume was significantly correlated with LC rate at 6 months (p = 0.001), while the site of metastasis
appeared to significantly correlate with PFS (p =0.03).

Conclusion SBRT using CyberKnife is feasible, safe, and effective treatment for oligometastatic sites. Six months and 1 year
local control rate is 95.8 and 88.2% respectively in our patients cohort, treatment regimens with higher BED resulting in better 1-
year local PFS, although it was not statistically significant. A larger cohort of patients and longer follow up is required for better
evaluation.
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Introduction disease as an intermediate stage of cancer spread between

localized and disseminated disease [1]. Multiple studies had

The concept of oligometastases in cancer management was
first introduced in 1995 by Hellman and Weichselbaum. It
was introduced as a distinct clinical entity of limited metastatic
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demonstrated long-term survival rates in this subset of patients
when treated with aggressive local therapy including surgery
and radiotherapy [2—4]. No consensus definition of
oligometastatic disease. Milano et al. [5] defined cases with
oligometastatic disease as those with no more than five detect-
able metastases. Salama et al. [4] similarly defined
oligometastatic disease as one to five metastatic sites; howev-
er, other institutions have limited their eligibility for SBRT to
patients with no more than three metastatic sites [6].Various
radiation regimens have been used for the treatment of
oligometastases. The use of high doses of single-session ste-
reotactic radiosurgery has been used and well established in
the management of brain metastases [7-9], a similar approach
has been used with either a hypofractionated treatment
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regimen using limited numbers of fractions with increasing
daily fraction dose or single-session regimens with ablative
doses of radiation delivered to extracranial disease sites.
This approach is termed stereotactic body radiotherapy
(SBRT) [10]. The lung, liver, and spine metastases are the
most commonly treatment sites using SBRT. SBRT is often
the preferred radiation treatment option for sites of
oligometastatic disease due to the limited radiation dose de-
livered to normal tissues with highly conformal treatment
planning and limited number of fractions needed for treatment
[11, 12].

In this review, we retrospectively evaluate local control rate
at 6 months and 1 year in oligometastatic cancer patients treat-
ed with SBRT using CyberKnife.

Materials and Methods

Total of 21 patients with 24 treatment sites from February
2014 till June 2017 who were treated with SBRT in our insti-
tution were reviewed in this study.

All the patients had initial baseline CT chest, abdomen and
pelvis, and PET-CT whole body. At time of CT simulation,
planning CT images are taken with 1-2-mm slice thickness.
Patient immobilization to ensure accurate tumor targeting was
achieved by a body frame (body fix) holding the patient ac-
companied by a vacuum pillow to form a tight, reproducible
seal around the patient. Additional devices have been utilized
to limit and track tumor motion in the treatment of lung and
liver metastases. This has been achieved using four-
dimensional treatment planning software, allowing tumors to
be tracked during the respiration cycle and restricting treat-
ments to particular phases of the respiratory cycle [19]. In case
of liver metastasis, we used fiducial marker inserted under
ultrasound guidance for proper tumor tracking. Abdominal
compression was used in cases with abdominal metastasis to
limit the motion of the diaphragm during treatment [11]. Daily
set-up verification with KV image to ensure adequate treat-
ment positioning for each high dose of delivered treatment
[12].

Gross target volume (GTV) is usually contoured in plan-
ning CT taking in consideration the information obtained from
diagnostic CT and PET-CT. The GTV is contoured in the
different phases of respiratory cycle and labeled as internal
target volume (ITV); 3—5 mm margin is usually added to
ITV as a planning target volume (PTV). Different dose range
was prescribed (range 3060 Gy/3-5 fractions).

The biological equivalent dose (BED) is a very important
concept in the SBRT treatment, which is a term describing the
biological effect of a delivered dose to a tumor taking into
account the number of radiation treatments, the total dose
delivered, and the «:f3 ratio. The (BED) delivered to a tumor
is a mathematical formula based on the linear quadratic model:
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nd (1+d/«/B), where n =the fractionation number, d = the
daily dose, and o/f3 that is used to describe the curvature of
the cell survival curve after radiation. Low o/f3 ratios charac-
terize late-responding tissues and high /(3 ratios delineate
early-responding tissues [13].

In this study, we used o/f3 ratios of 10 Gy for the different
treatment sites and divide the treatment sites into two groups
according to the BED (whether > 100 GY or < 100 GY) as in
many reports, SBRT intensive regimens of BED > 100 GY are
associated with significantly better local control and survival
than less intensive regimens in primary lung cancer [14-17].

Planning Techniques and Objectives

The CyberKnife machine used in this study is a G4 v10.1
which is capable of delivering 800 MUs/Min using
Mutiplan® v5.1 planning system. The sequential optimization
algorithm was used to plan the patients. The planning ap-
proach was to use a full path. At least two shells were used
to improve the conformality of the plan and decrease the dose
spillage. The number of beams was reduced to have a mini-
mum of 10 MUs per beam per fraction and a maximum of 200
MUs per beam per fraction.

For plan approval, efforts were always made to minimize
the dose to all normal tissues as much as possible; we follow
these dose constraints summarized in Table 1 according to the
University of Texas Southwestern [18] and the University of
Virginia [19].

Follow-Up, Response, and Toxicity Assessment

After completion of treatment, all the patients underwent fol-
low up CT CAP and PET-CT at 3, 6, and 12 months post-
SBRT. The Common Toxicity Criteria Adverse Events ver-
sion 4.0 was used.

For reporting the treatment-related toxicities, acute toxic-
ities were defined as adverse events occurring within 3 months
after SBRT, and late toxicities were those occurring after
3 months.

Tumor response was assessed using response evaluation
and criteria in solid tumors (RECIST). Complete disappear-
ance of the tumor was defined as a complete response (CR),
and a partial response (PR) was defined as a decrease of >
30% in the longest diameter and/or SUV-FDG activity of the
target tumors. A decrease of < 30% or no change was defined
as stable (SD), and progression of >20% was defined as pro-
gressive disease (PD). Local control was defined as being free
from the development of a new lesion or an increase in tumor
size or SUV-FDG activity within the treated PTV volume.
Systemic progression is defined as development of new met-
astatic lesions outside the treated areas.
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Table 1 Summary of suggested dose constraints for various critical organs
Serial tissue Max critical volume  One fraction Three fractions Five fractions End point (grade3)
above threshold
Threshold  Max point  Threshold ~ Max point Threshold = Max point
dose (Gy)  dose Gy dose (Gy)  dose Gy dose (Gy)  dose Gy
Esophagus <5cc 11.9 15.4 17.7 252 19.5 35 Stenosis/fistula
Brachial plexus <3cc 14 17.5 20.4 24 27 30.5 Neuropathy
Heart/pericardium <15 cc 16 22 24 30 32 38 Pericarditis
Great vessels <10 cc 31 37 39 45 47 53 Aneurysm
Trachea and large <4 cc 10.5 20.2 15 30 16,5 40 Stenosis/fistula
bronchus
Bronchus-smaller  <0.5 cc 12.4 133 18.9 23.1 21 33 Stenosis with
airways atelactasis
Rib <1cc 22 30 28.8 36.9 35 43 Pain or fracture
Stomach <10 cc 11.2 12.4 16.5 222 18 32 Ulceration/fistula
Duodenum <10 cc 11.2 12.4 16.5 222 18 32 Ulceration
Jejunum/ileum <5cc 11.9 154 17.7 25.2 19.5 35 Enteritis/obstruction
Colon <20 cc 14.3 18.4 24 28.2 25 38 Colitis/fistula
Rectum <20 cc 143 18.4 24 28.2 25 38 Proctitis/fistula
Bladder wall <l15cc 114 18.4 16.8 28.2 18.3 38 Cystitis/fistula
Renal <2/3 volume 10.6 18.6 23 Malignant
hilum/vascular hypertension
trunk
Parallel tissue
Lung (right or left) 1500 cc 7 N/A 11.6 N/A 12.5 N/A Basic lung function
Lung (right or left) 1000 cc 74 N/A 12.4 N/A 13.5 N/A Pneumonitis
Liver 700 cc 9.1 N/A 19.2 N/A 21 N/A Basic liver function
Renal cortex (right 200 cc 8.4 N/A 16 N/A 17.5 N/A Basic renal function

or left)

Statistical Analysis

Descriptive statistics was performed for all available categorical
variables. The outcomes studied were local control (LC), local
progression-free survival (PFS), and progression-free survival
(PFS). A linear regression model was used to identify indepen-
dent predictors of control and survival. The PFS was calculated
from the date of SBRT. The difference in distributions between
the two treatment groups was tested using Pearson’s chi-
squared test or Fisher exact test. The Kaplan-Meier methodol-
ogy was used to estimate survival probability (expressed as a
mean with a range and two-sided 95% confidence interval). All
statistical tests were two-tailed and differences were considered
to be statistically significant for a p value less than 0.05. All
statistical analyses were performed using a software package
(SPSS version 20, Inc., Chicago, IL, USA).

Results

Eleven patients were male (52%),10 patients were females
(48%), median age at diagnosis was 61 years, colorectal

cancer is the most commonly diagnosed cancer in 18 patients
(85.7%), 2 patients (9.5%) were diagnosed with cholangiocar-
cinoma, and 1 patient (4.8%) was diagnosed with gastric can-
cer. The abdomino-pelvic lymph nodes were the commonest
site in 11 sites (45.8%), with average PTV volume of 46.4 cc.
All the patients received SBRT with dose range from 30 to 60
GY/3-5 fractions with average BED of 97 GY (range 48-180
GY); 7 sites received a BED of less than 100 GY (group 1)
and 17 received a BED of > 100 GY (group 2) (Tables 2 and
3). The dose was prescribed to an isodose line covering the
PTV which range from 75 to 81% and a maximum of
conformality index (CI) 1.29 was achieved. The PTV/ITV
was at least covered by 72% of the dose. Figures 1, 2, and 3
represent examples of three different treatment sites (Fig. 1 for
lung, Fig. 2 for liver, and Fig. 3 for abdominal LN
oligometastasis). No reported G3 or G4 acute or chronic tox-
icity. The 6-month local control rate was 95.8% (23/24 sites);
13 of them (56.5%) had shown complete metabolic response
with no reported residual FDG activity in PET-CT. The 1-year
local control rate was 88.2% (15/17), and 10 of them (71.4%)
had shown complete metabolic response with no reported re-
sidual FDG activity in PET-CT. After a median follow-up of
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Table 2 Patients and

treatment characteristics Median age at diagnosis 63 (41-76)
Gender
Male 11(52%)
Female 10(48%)
Diagnosis
Colo/rectal cancer 18(85.7%)
Cholangiocarcinoma 2(9.5%)
Gastric cancer 1(4.8%)
Treatment site
Abdomino-pelvic LN 11(45.8%)
Liver 6(25%)
Lung 5(20.8%)
Tumor bed recurrence 2(8.4%)
Dose Gy
30 2(8.3%)
35 2(8.3%)
40 1(4.2%)
48 3(12.5%)
50 15(62.5%)
60 1(4.2%)
NO fractions 3-5

16.8 months (range 6.1-44.7 months), 19(90.5%) patients
were alive. Among them, local progression was observed in
one (4.1%) site while systemic progression in four (16.6%)
sites. Two (9.5%) patients died; they had both local and

systemic failures. Internal comparison between group 1 and
group 2 revealed no significant difference between two groups
regarding age, gender, treatment sites, primary diagnosis, and
PTV volume (Table 3). With reported 6 months and 1 year
local control rate of 100% and 71.44, respectively, in group 1
vs 94.1 and 94.1% respectively in group 2, with 1 year local
PFS of 67% in group 1 vs 87% in group 2 (p value 0.448)
(Fig. 4).

In univariate analysis, correlation between LC rate at
6 months and 1 year with the following factors (age, gender,
SBRT dose, treatment site, and PTV volume) was performed,
and only PTV volume was significantly correlated with LC
rate (p =0.001); the patients with good LC had an average
PTV volume of 43.5 cc (34.6) (range 2.4-201.9 cc), while
the ones with local failure had an average PTV volume of
65.3 cc (92.2) (range 2.6-171.3 cc). The site of
oligometastasis appeared to significantly correlate with PFS
(p=0.03) (Fig. 5).

Discussion

Various SBRT dosing schedules have been used to treat both
lung and liver metastases [20-25]. However, the optimal dos-
ing schedule that takes into account multi factors such as tu-
mor volume, tumor location, primary histology, and biological
response has yet to be determined. McCammon et al. sug-
gested a dose-response relationship in the treatment of liver

Table 3  Comparison between BED1 and BED2 patients. All factors showed an even distribution
Characteristic BEDI1 (n=5) BED2 (n=16) P All (n=21)
Age at diagnosis (yrs) Range 49-73 41-76 0.249° 41-76
Average 63 61 62
SD 10 12 11
Median 69 62 63
Gender Female 2 40% 8 50% 0.264° 10 47.6%
Male 3 60% 8 50% 11 52.4%
primary diagnosis Colo/rectal ca 3 60% 15 93.8% 0.28* 18 85.7%
Cholangio 1 20% 1 6.2% 2 9.5%
Gastric ca 1 20% 0 0% 1 4.8%
BEDI1 (n=7) BED2 (n=17) P All (n=24)
Site of oligometastases LN 4 57% 7 41% 0.327* 11 45.8%
Liver 0 0% 6 35.3% 6 25%
Lung 2 28.5% 3 17.6% 5 20.8%
Tumor bed 1 14.5% 1 6.1% 2 8.4%
PTV volume (cc) Range 2.6-119 2.4-201.9 0.289° 24-171.3
Average 48.7 45.4 46.4
SD 36.1 47 432

#Pearson’s chi-squared test
® Fisher exact test

@ Springer



J Gastrointest Canc (2019) 50:879-887

883

Fig. 1 Three-dimensional reconstruction and axial, sagittal, and coronal imaging for a lesion in the right lower lobe of the lung treated with 50 Gy in five

fractions

and lung metastases. They reported on 246 lesions treated
with SBRT for 3 fractions to a dose of at least 54 Gy and
found 3-year local control rates of 89.3% compared with
59.0 and 8.1% for those treated to between 36 and 53.9 Gy
and less than 36 Gy respectively [26].

Fumagalli et al. suggested a difference in outcome based on
anatomical location. With an improved disease-free survival
rate on univariate analysis was noted in patients with pulmo-
nary metastases (P =.02) [25]. These results suggest a differ-
ence may exist in SBRT outcomes based on treatment

Fig. 2 Three-dimensional reconstruction (axial, sagittal, and coronal imaging for a liver lesion treated with 50 Gy in five fractions

@ Springer



884 J Gastrointest Canc (2019) 50:879-887

Fig. 3 Three-dimensional reconstruction (axial, sagittal, and coronal imaging for left common iliac lymph node treated with 50 Gy in five fractions

location, and eventually, dose selection plays an important  histology. A study conducted by Takeda et al. concluded that
role in achieving optimum control. there is difference between the local control of oligometastatic

There is increasing clinical evidence suggesting that the  lung lesions and primary lung cancers; in this study, they
management of oligometastases should be based on primary  assessed 21 colorectal metastatic lung lesions, 23 lesions from
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Fig. 5 Treatment site-specific Progression-Free Survival
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other origins, and 188 primary lung cancers treated with
50 Gy in 5 fractions. In multivariate analysis, the origin of
the tumor was significantly correlated with local control
(P <.05). The researchers reported 1-year local control rates
of 80%, 94%, and 97% (P <.05) for colorectal primaries,
oligometastases from other origins, and primary lung cancer,
respectively [27].

The majority of treated sites in our study were abdomino-
pelvic lymph node in 11 sites (45.8%), 10 of them have pri-
mary colorectal cancer and one has cholangiocarcinoma, av-
erage PTV volume of 33 cc, and average BED of 90 GY

follow-up (months)

Table 4; no reported G3/G4 acute or chronic toxicity, with
reported G2 acute toxicity in form of fatigue in 2 patients
(18.1%). After median follow-up interval of 23.6 months,
6 months, and 1 year, local control rate was 100 and 90%,
respectively (Fig. 6).

Five lung treatment sites, all from colorectal primary, were
included in this study. The average PTV volume was 45.6 cc
with average BED of 86.4 GY (Table 4), no reported G3/G4
acute or chronic toxicity, and only fatigue grade 2 developed
in 40% as an acute toxicity. After median follow-up interval of
22 months, 6 months, and 1 year, local control rate was 80 and

Table 4 Average BED and PTV

volume according to tumor site Site (n)

BED GY(n)

Average BED(GY) Average PTV volume cc

Tumor bed (2) 80

112.5
60 (1)
72 (1)

100 (3)
100 (2)

Lung (6)

Liver(6)

112.5 (3)

180 (1)
48 (1)

60 (2)
72 (1)
100 (4)

LN (11)

112.5 (2)
124.8 (1)

96.3 61

86.4 45.6

119.6

93.4

90 33
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Fig. 6 LC rate at 6 months and 120%

1 year follow up for different
treatment sites
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67%, respectively (Fig. 6), compared to a study conducted by
Ricardi et al. in a series of 61 study patients with
oligometastatic lung tumors. Dose selection was 26 Gy in 1
fraction in 51 study patients, 45 Gy in 3 fractions in 22 study
patients, and 36 Gy in 4 fractions in 3 study patients. After a
median follow-up interval of 20.4 months, local control rates
at 2 and 3 years were 89 and 83.5% [28].

Six liver treatment sites were included in our study (five
have colorectal primary and one with cholangiocarcinoma),
average PTV volume of 93.4 cc and average BED of 119.6
GY (Table 4), no reported G3/G4 acute or chronic toxicity,
with reported G2 acute toxicity in form of fatigue and nausea
in 2 patients (33.3%). After median follow-up interval of
14.4 months, 6 months, and 1 year, local control rate was
100% with no reported local progression (Fig. 6).

A significant difference in the radio-sensitivity index
(RSI) based on the anatomical location of metastases
using SBRT, it was found that colon cancer metastasized
to sites such as the ovary, abdomen, and liver were more
radio resistant than when tumors are metastasized to sites
such as the lung and lymph nodes (P<.0001) [29]. In
comparison to our data in which the majority of cases
have colorectal diagnosis (85.7%), we found better local
control rate at 6 months, 1 year, and PFS in tumor bed
recurrent lesion and liver than lung and LN sites in spite
of larger PTV volume in both tumor bed recurrent and
liver lesions that may be attributed to the higher average
BED in tumor bed recurrent and liver lesions 96.3 and
119.6 GY, respectively, vs 90 and 86.4 GY for LN and
lung sites, respectively (Table 4; Figs. 5 and 6).

In this study, we use o/f3 ratios of 10 Gy for the different
treatment sites; however, a recent study conducted by Rainer
J. Klement stated that for lung and liver metastasis from CRC,
the estimated a/b ratio was 43.1 £4.7 Gy compared to 21.6 +
7.8 Gy for non-CRC metastases. This study strongly recom-
mends to take in consideration different dose regimens for
liver and lung metastasis from CRC [30].

@ Springer

A statistically non-significant difference was found be-
tween the two groups of treatment sites (with better local
PFS in group received BED > 100 GY in comparison to those
received BED < 100GY); this correlates with previous articles
reporting that SBRT intensive regimens of BED > 100GY are
associated with significantly better local control and survival
than less intensive regimens in primary lung cancer [14-16];
however, the statistically non-significant difference may be
attributed to the small number of patients in this study.

Conclusion

SBRT using CyberKnife is feasible, safe, and effective treat-
ment for oligometastatic sites. Six months and 1 year local
control rate is 95.8 and 88.2%, respectively, in our patients’
cohort. Treatment regimens with higher BED result in better
1 year local PFS, although it was not statistically significant. A
larger cohort of patients and longer follow up is required for
better evaluation.
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