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patients with epidural involvement, 45% (14/31) exhibited 
neurologic impairment prior to treatment. Twenty-three 
percent (7/31) experienced spinal cord compression. Prior 
to treatment, 34 patients experienced some form of neu-
rologic impairment. Of these patients, 24% (8/34) expe-
rienced improved motor functioning; the remaining 76% 
(26/34) of patients’ neurological dysfunction were stable. 
Our results indicate the SABR regimen using VMAT tech-
nique is clinically effective in achieving clinical local con-
trol and palliation. This is the first publication reporting 
clinical outcomes of VMAT directed SABR.
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Introduction

The vertebrae are among the most common sites of osse-
ous metastatic disease [1]. Palliation of painful verte-
bral metastases or high risk epidural extension can be 
achieved with surgery, traditional fractionated external 
beam radiation therapy (EBRT), stereotactic ablative 
body radiation (SABR), or a combination of these modal-
ities [2, 3]. Complete pain response rates with EBRT are 
reported as approximately 30%, and partial response is 
approximately 60% [4]. Single and multiple institutional 
experiences have demonstrated improved outcomes with 
SABR when compared with conventionally fraction-
ated EBRT [5–7]. Increased accuracy of radiation deliv-
ery with higher dose rates have resulted in a potential 
for higher prescription dose delivery to the target. As a 
result, pain response rates of 80–90% have been reported 
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in patients with spinal metastases who have undergone 
treatment with SABR [5–7]. Currently, the radiation ther-
apy oncology group (RTOG) is assessing the clinical effi-
cacy of SABR versus EBRT in a randomized prospective 
trial to determine whether there is a clinical benefit in the 
application for SABR application compared with EBRT. 
The protocol compares SABR delivered in a single frac-
tion 16 or 18 Gy versus EBRT of 8 Gy in a single fraction 
[8].

There are multiple radiotherapy beam delivery methods 
available to treat spinal metastases using SABR. Earlier 
SABR efforts have employed static-field intensity modu-
lated radiation therapy (IMRT) using conventional linear 
accelerator (linac) or a cone-based robotic radiosurgery 
system such as CyberKnife [9, 10]. These methods use 
multiple coplanar/non-coplanar static-field beam arrange-
ments to deliver highly conformal radioablative doses to 
the tumor while sparing adjacent organs at risk (OAR), 
such as the spinal cord [11, 12].

Further technological advancements in radiation therapy 
have led to the advent of volumetrically modulated arc ther-
apy (VMAT), which generally employs 1–3 rotational arc 
beams with intensity modulations and static/variable dose 
rates throughout the arc movements. There are numerous 
documented, advantageous clinical benefits to the use of 
VMAT over static field IMRT including higher attainable 
target radiation doses, greater conformity indices, spinal 
cord sparing, decreased treatment times, and reduced low-
dose integral volume spread [13–18].

At the time of initiating a spine SABR program at our 
institution, VMAT was chosen as the sole means of radia-
tion delivery. The purpose of our study is to report our 
experience with this technique in this large cohort of spine 
SABR patients.

Materials and methods

Patients

Our Institutional Review Board approved review of patients 
treated from May 2010 through February 2015 with histo-
logically confirmed malignancy and limited vertebral col-
umn metastatic disease. Patients were not offered SABR if 
more than three contiguous vertebral bodies were involved, 
or they had paraspinal mass components greater than 5 cm 
in size. All patients had either baseline pain secondary to 
the metastases or epidural extension warranting interven-
tion. All patients were evaluated by a multidisciplinary 
team, including neurosurgery, and underwent surgery or 
were deemed inoperable/poor operative candidates for 
medical or oncologic reasons.

Patient set‑up

All patients underwent computerized tomography (CT)-
based simulation using a radiation oncology CT simula-
tor (Model: Optima CT580 RT, GE Healthcare,Waukesha, 
WI). Patients treated prior to 2014 underwent immobiliza-
tion with thermoplastic mould (Model: Aquaplast  RT™, 
Qfix, Avondale, PA), while patients treated after 2014 
were immobilized with BodyFIX system (Elekta, Stock-
holm, Sweden). The CT images were acquired with 1 mm 
slice thickness and fused with magnetic resonance imag-
ing (MRI) of T1-wieghted post-contrast and T2-weighted 
images with the voxel resolution of 1  mm3 through the tar-
get. All planning was completed using Eclipse treatment 
planning software (Varian Medical Systems, Palo Alto, 
CA, USA). When the cervical spine was treated, a 6-point 
restraint thermoplast mask was employed (Model: Aqua-
plast  RT™, Qfix, Avondale, PA). ExacTrac infrared markers 
(BrainLAB AG, Feldkirchen, Germany) were utilized for 
automated isocenter localization.

Target delineation

The RTOG 0631 served as a guide for delineation of nor-
mal tissue and target contours. Patients underwent a ste-
reotactic MRI, as well as CT simulation, for planning. The 
dose was prescribed to the planning target volume (PTV). 
If involved, 1–3 involved vertebral bodies were included 
in the target clinical target volume (CTV). If only the ver-
tebral body was diseased, the anterior elements (vertebral 
body and pedicles) were contoured (Fig. 1a). The anterior 
and posterior elements of the entire vertebra was contoured 
if the pedicles were involved (Fig. 1b). If the spinous pro-
cess or laminae appeared to be involved with tumor, the 
posterior elements were contoured (Fig.  1c). Postopera-
tive patient CTV included the surgical fixation devices in 
the post-operative bed. No PTV expansion was added to 
the CTV volume. Adjacent OAR, including the spinal cord 
from 6 mm superior and inferior to the CTV, were also con-
toured. Other OAR were contoured according to the RTOG 
0631 protocol [8]. Post-operative patients had fusion of the 
pre/post-operative MRI for target delineation. Post-opera-
tive targets included spinal stabilization devices within the 
involved region.

VMAT treatment planning

All VMAT treatment plans were generated by using 
 RapidArc® technology in Eclipse treatment planning sys-
tem (Varian Medical Systems, Palo Alto, CA) with 6 MeV 
photon stereotactic radiosurgery (SRS) mode. Depend-
ent upon dosimetric constraints, one to three rotational 
arc beams with the arc angle of 360° were placed. Inverse 
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planning algorithm (Progressive Resolution Optimizer, 
Varian Medical Systems, Palo Alto, CA) was employed to 
optimize the VMAT treatment plans. The PTV was pre-
scribed 14–24  Gy in 1 fraction (median dose of 20  Gy). 
Based upon patient specific clinical characteristics, i.e., 
normal OAR constraints, radio-resistant tumor histology 
and tumor size, the treating physician determined the single 
fraction dose choice. The majority of patients were treated 
to a dose of 20  Gy in a single fraction. Maximum doses 
were restricted to below 140% of the prescription dose. The 
OAR dose constraints for single fraction VMAT SABR 
followed RTOG 0631 protocol [8]. Cord constraints for a 
single fraction were 0.35 cm3 and <10% of the volume of 
the cord <10 Gy. The cord point dose (0.035 cm3) also was 
restricted to <14 Gy.

Treatment

All treatment was administered using a Novalis Tx (Brain-
LAB AG, Feldkirchen, Germany) linac with high definition 

multi-leaf collimators measuring 2.5  mm in width. Mul-
tiple rotational arc beams of 6 MV photons in SRS mode 
with 1000 MU/min dose rate were delivered to the target. 
A 6-dimension robotic couch ExacTrac system was used to 
localize the isocenter of the treatment. Prior to each treat-
ment session, a Winston-Lutz test [19] was performed to 
ensure that the radiation isocenter matched the mechani-
cal isocenter of the linac system within less than 0.8 mm 
in 3 dimensions. After the initial ExacTrac localization, the 
CBCT imaging was operated to verify the accuracy of the 
Exactrac localization and determined the final shifts.

Monitoring

Patients were evaluated 2 weeks after radiation therapy 
and attended follow-up visits every 3–6 months to assess 
responses and side effects of radiation therapy. To avoid 
radiation sensitization, patients did not receive chemo-
therapy cycles 48  h before or after each treatment. Pain 
response was assessed using the Verbal Numerical Rating 

Fig. 1  a–c Dose distribution of 
representative stereotactic body 
radiation therapy plans. Isodose 
lines: blue 50%, green 80%, 
purple 90%, red 100%, orange 
110%
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Score of subjective pain prior to and following treatment. 
Verbal Numerical Rating Scores are implemented at every 
clinical encounter per our institutional protocol, and thus 
were assessed at every follow-up appointment for the area 
of treatment. Reported pain scores were reported at the site 
of treatment for the last follow up encounter on file. Epi-
dural extension of tumor was graded according to validated 
criteria based on T2 weighted MRI characteristics [20]. 
Spinal Instability Neoplastic Score (SINS) was calculated 
for patients. Parameters used to evaluate treatment response 
included patients’ use, dose, type, and frequency of steroid 
and narcotic pain medications. Staff radiation and/or medi-
cal oncologists assessed the neurological status on follow-
up. Local control was determined clinically with confir-
mation radiographically after progression of symptoms. 
Routine post-treatment imaging was not completed. Repeat 
imaging was ordered if patients suffered from neurologic 
decline or an increase in subjective pain scores occurred at 
the site of treatment. Progression within the radiation field 
was confirmed based upon imaging without necessitating 
biopsy confirmation.

Statistical analysis

Descriptive statistics were reported for all demographic 
and baseline characteristics, as well as outcomes. Outcome 
response measures included pre- and post-treatment objec-
tive neurologic function, pain response rates, and local 
control. Pre- and post-treatment response rates were com-
pared for evaluation of treatment effect. Continuous vari-
ables were reported as mean (standard deviation) or median 
(range), as appropriate. Categorical variables were reported 
as counts (percentages).

Results

Treatment/tumor characteristics

Ninety-five lesions were treated with SRS in a total of 73 
patients with spinal metastases. The most utilized dosing 
regimen was 20 Gy in 1 fraction (79%), 18 Gy in 1 frac-
tion (11%), and 16 Gy in 1 fraction (8%). A summary of 
SRS fractionation specifics is shown in Table 1. Non-small 
cell lung cancer (n = 30) was the most common primary 
malignancy treated in this study. A distribution of histol-
ogy is shown in Table  2. Radiation was delivered with a 
median of two arcs (range 1–4). Median beam on time was 
8.56 min (mean 8.51, range 4–12.5). Only the anterior ele-
ments were treated in 54% of patients, both the anterior and 
posterior elements were treated in 38% of patients, while 
only the posterior elements were treated in 8% of patients. 
Post-operative patients were treated to the tumor bed with 

hardware included in the region of the involved vertebral 
body based on the pre-operative MRI study.

Patient outcomes

Tumor sites included 44, 36, and 15 in the lumbar, tho-
racic, and cervical spine, respectively. Clinical local con-
trol was 97% at a median follow-up of 12.7 months (mean 
18.0, range 1–56 months). There were no geographical 
misses. Of the three patients with recurrences, two under-
went salvage EBRT, and one patient underwent salvage 
laminectomy. None of the patients with failure had epidural 
extension of tumor. The histology of the three recurrences 
included breast, renal cell, and colon primaries treated with 
16, 20, and 18 Gy respectively. Time to failure occurred at 
11, 4, and 3 months post-treatment in patients with meta-
static breast, renal cell and colon cancer respectively. All 
patients completed a pre- and post-Verbal Numerical Rat-
ing Score of subjective pain. There was a median 81% 
reduction in subjective pain scores. Pain was completely 
resolved at the treatment site for 69% (66/95) of patients, 
while 15% of patients’ pain scores remained stable. Find-
ings also indicated that 77% of patients reduced narcotic 
pain medication use. Of patients who were taking steroids 
prior to SABR, 80% reported decreased total steroid dose 
after therapy.

Although it is not the primary goal of this study to 
examine patients with epidural extension, 33% (31/95) 
of patients exhibited epidural extension of tumor prior to 
treatment. Epidural extension grading with the epidural 
spinal cord compression scale Grade 1a, 1b, 1c, 2, and 3 
in 10% (3/31), 45% (14/31), 26% (8/31), 16% (5/31), and 
3% (1/31) patients, respectively. In patients with epidural 
extension, the median distance from PTV to the spi-
nal cord was 1.0  mm (mean 1.14  mm, range 0–3.8  mm). 
Among these patients, 45% (14/31) exhibited neurologic 
impairment prior to treatment. Only 3 of these 31 patients 
were considered neuro-surgical candidates and underwent 
surgical decompression prior to SABR. The remaining 
patients were considered medically and/or oncologically 
non-surgical candidates. The median SINS for neurologi-
cally impaired patients was 8.0 (median 8.9, range 5–15). 

Table 1  Radiation fractionation scheme

Total dose (cGy) Number of frac-
tions

Number (%) of lesions

2400 1 1/95 (1%)
2000 1 75/95 (79%)
1800 1 10/95 (11%)
1600 1 8/95 (8%)
1400 1 1/95 (1%)
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All patients with SINS greater than ten underwent surgical 
intervention. One patient with grade threecord compression 
and SINS of six underwent decompression. Of the patients 
with epidural extension and neurologic compromise, 36% 
(5/14) had neurologic function improvement. The remain-
ing 64% (9/14) of patients had stable neurologic function 
after treatment. Of all patients treated, 34 patients exhib-
ited neurologic impairment prior to treatment, 24% (8 
patients) had improved motor functioning after treatment; 
the remaining 76% (26 patients) demonstrated no further 
progression of neurological deficits.

Patients with pain and more than 1/3 of the vertebral 
body replaced by tumor on imaging determined whether 
patients underwent percutaneous fixation prior to or after 
radiosurgery. Eighteen percent (17/95) of patients were 
treated with percutaneous fixation for vertebral fracture. 
Fifteen patients underwent vertebroplasty and two under-
went kyphoplasty. The procedure was completed following 
therapy for 65% (11/17) of the patients (median time length 
after treatment: 1.53 months, range 0.13–9.7 months). The 
remaining 35% of patients (6/17) completed percutaneous 

fixation prior to SABR (median time prior to fixation: 1 
month, range 0.7–2.6 months). Three of 78 patients (4%) 
who had not undergone percutaneous fixation suffered from 
vertebral collapse. Of the patients who experienced verte-
bral collapse/fracture one patient was prescribed 18 Gy to a 
mixed lytic/blastic NSCLC. The vertebral collapse occurred 
4 months after treatment in this patient. Two other patients 
with metastatic prostate and NSCLC experienced fracture 
having each received a dose of 20 Gy. Fractures occurred 
at 4 and 2 months post treatment respectively. These doses 
were well within our standard maximum allowed doses of 
140% of the prescription dose and did not deviate from 
our institutional protocol of prophylactic vertebroplasty for 
>1/3rd vertebral body involvement. We have now instituted 
routine use of the Spine Instability Neoplastic Score (SINS) 
score to recommend evaluation for percutaneous fixation 
for those patients with potentially unstable or unstable 
scores. No acute or late toxicities > grade 2 were reported 
in relation to the radiation therapy. The only grade 2 toxic-
ity that did occur was skin desquamation in one patient.

Discussion

A multi-disciplinary approach is essential to effective man-
agement of spinal metastases. Specifically, close consulta-
tion with neurosurgery prior to and following radiation can 
optimize patient outcomes [21]. This study describes our 
experience for patients treated with VMAT technique in 
spinal SABR. The present study demonstrates that VMAT 
is a viable clinical approach for spine SABR in a single 
fraction.

Our results compare favorably with previously pub-
lished studies utilizing static field IMRT for spine SABR 
(Table  3). Gerszten et  al. published their experience of 
500 patients with metastatic involvement of the spine 
treated with SABR utilizing static field IMRT in 2007 
[5]. There was an 86% long term improvement in pain 
with 12.5–25  Gy per fraction and a 90% local control of 
the tumor [5]. There were no long term grade 3 or higher 

Table 2  Primary histology of metastatic lesions

Histology Number 
(%) of 
lesions

Non-small cell lung cancer 30 (32%)
Breast 18 (19%)
Renal cell carcinoma 12 (13%)
Prostate 9 (10%)
Melanoma 5 (5%)
Rectal 5 (5%)
Colon 5 (5%)
Esophageal 3 (3%)
Head and neck 2 (2%)
Thyroid 2(2%)
Sarcoma 2 (2%)
Hepatocellular carcinoma 2 (2%)

Table 3  Static field IMRT spine radiosurgery series and outcomes

Author Number of 
tumors

Radiation dose/fractionation Follow up in 
months

Outcome

Gerszten et al. [5] 500 12.5–25 Gy/1 fx 21 86% pain relief, 90% local control
Yamada et al. [29] 103 18–24 Gy/1 fx 15 Pain relief 90%, local control 90%
Ryu et al. [22] 61 10–16 Gy/1 fx 6.4 46% complete pain relief, 19% partial relief
Ahmed et al. [21] 85 10–40 Gy/1–5 fx 8.7 Local control 91%
Chang et al. [30] 74 30 Gy/5 fx, 27 Gy/3 fx 21 1 year 84% PFS
This study 95 14–24 Gy/1 fx 18 81% pain relief, 68% complete pain 

response, 97% local control
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toxicities reported. Ryu et al. also utilized SABR with static 
field IMRT in 61 vertebral lesions [22]. That study demon-
strated lower levels of pain control compared with our study 
with complete responses in 46% of patients and partial pain 
relief in 19% of patients [22]. This compares unfavorably 
with our study which has reported 97% clinical local con-
trol and 81% decrease in pain score. Notably, lower doses 
per fraction of 10–16 Gy may have led to the reduced pain 
control. Chang et al. also had phase I/II data in 63 patients 
who underwent fractionated spinal SABR. They reported 
local control of 84% at a follow up of 21 month without any 
late toxicity. There were two primary mechanism of fail-
ures in their series including recurrence in the bone directly 
adjacent to the site of treatment and recurrence in the epi-
dural space. The authors recommended wider margins to 
incorporate adjacent osseous structures to decrease rates 
of local failure [30]. Yamada et al. published their experi-
ence with 103 patients using 18–24 Gy in a single fraction 
regimen utilizing static field IMRT. They reported a local 
control rate of 90% with 15 month follow up. There was 
a statistically significant improvement in local control for 
patients receiving greater than 23 Gy [24].

Traditionally, spinal metastases have been treated with 
fractionated EBRT regimens which offer pain relief in 
approximately 30–60% of patients [4]. Complete pain 
response rates for patients treated with EBRT are low and 
duration of pain response is often limited to <6 months [4, 
17]. This study reveals a 69% complete resolution of pain 
at the treatment site for the date of last follow up utiliz-
ing the Verbal Numerical Rating Score. Pain and steroid 
medication use are more difficult to attribute to the SABR 
treatment. These medications were not assessed continu-
ally, and instead were tabulated from the last follow up 
encounter information to reflect the long-term pain control. 
Due to the nature of metastatic disease, many patients had 
other concomitant sites of pain, and the details regarding 
pain medication use specifically for each site of pain was 
not assessable in the chart. As a result, most patients did 
not experience complete independence from narcotic pain 
and steroid medications. However, treatment significantly 
decreased absolute quantities of both with a 77% reduc-
tion in narcotic medication use and 80% decrease in steroid 
intake. Reductions in these medications can greatly affect a 
patient’s quality of life. Reductions in opioid pain medica-
tion intake are associated with increases in overall health 
related quality of life measures and decreases in fatigue, 
sleep, and distress parameters [23].

When presenting with spinal cord compression, patients 
are often considered poor surgical candidates due to comor-
bidities, suboptimal performance status, or a large extent 
of disease. Unfortunately, this often results in a frustrating 
reality for both patients and radiation oncologists, as radia-
tion may become the last option for palliation. Ablative 

therapy offers the best hope of maintaining adequate motor 
function and quality of life for these non-surgical patients 
[23]. Due to the close proximity of these tumors to the 
spinal cord, advances in radiation delivery systems are 
paramount [24, 25]. Interestingly, neurological decline was 
halted in the majority of patients and neurologic function 
was improved in nearly one-third of those with epidural 
extension and neurological compromise. As EBRT is asso-
ciated with lower historical local control and palliation 
rates, SABR is a reasonable approach for patients who meet 
dosimetric tolerances. There was no evidence of increased 
clinical toxicity or compromise in tumor control based on 
this study of 95 tumors. This study has important clinical 
implications for patients with neurological impairment who 
are not surgical candidates. In cases of poor surgical candi-
dacy or patient refusal of surgery, this study illustrates that 
VMAT directed SABR might deliver clinically effective 
doses in a reasonably safe manner to patients with favora-
ble low-grade spinal cord compression. This hypothesis-
generating result warrants further study.

There may be clinical benefits to the use of VMAT over 
other applied spine SABR technologies. Other technologies 
utilized for spine SABR include CyberKnife, Tomother-
apy, static field IMRT, and different forms of VMAT such 
as VMAT with flattening filter free (FFF) mode [26–28]. 
Beam on time is of particular importance when choosing 
a technology for spine SABR. Patients with painful spinal 
metastases often experience difficulty with being immobi-
lized over long periods. Increasing treatment delivery time 
is associated with greater intra-fraction patient movement 
which has the potential to be increased in patients with pain 
[13–15]. Greater intra-fractional movements reduce the 
accuracy of radiation dose delivery to the target and may 
increase the probability of spinal cord overdose. Beam on 
times for various technologies are presented in Table  4. 
Resulting in the shortest beam on time of approximately 
8.5  min, VMAT beam on time is approximately 15% the 
beam on time of CyberKnife and 30% of the beam on 
time of Tomotherapy. With the utilization of a FFF mode, 
VMAT beam on time is further reduced by about 50% [27].

For radiation centers, considering Linac-based SABR 
spine treatment like this has important implications for 
machine throughput, as well as a potential clinical impact. 
Comparatively, static field IMRT consumes a signifi-
cant amount of treatment time due to the large number of 
beams needed to achieve highly conformal dose distribu-
tions. Not including image guidance and patient set up, 
typical beam on time is approximately 15 min per treatment 
[13]. Whereas VMAT reduces the total treatment time 
by approximately 50% compared with static field IMRT 
[13–15]. In addition, dosimetric planning studies have dem-
onstrated superior dosimetric parameters for VMAT versus 
static field IMRT. The findings include greater conformity 
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indices and spinal cord sparing along with reduced low-
dose integral volume spread [15–17].

There is a growing interest in the use of VMAT directed 
SABR for other sites of disease [28]. The DESTROY-2 trial 
is a phase I study that explored VMAT directed SABR to 
various oligometastatic sites with dose escalation. Dose 
escalation resulted in excellent local control of approxi-
mately 90% at 12 months, with no dose limiting toxicity 
greater than grade 2 (seen in only 2 patients out of 65). The 
maximum tolerated dose limit was not reached [29, 31, 32]. 
The trial is ongoing, but preliminary reports are promising 
and a phase II trial is planned.

In conclusion, our single institution experience offers 
valuable insight into the growing application of this new 
technology. There are inherent limitations in our study 
including its retrospective nature, lack of data concerning 
previous systemic therapy received, and the heterogeneous 
nature of malignant histology. A major limitation of the 
study is our lack of radiologic follow up. The reported 97% 
clinical local control rates are applicable to a patient popu-
lation with vigorous clinical follow up. However, the rate 
of local control with both routine clinical examination and 
MRI is likely lower than reported in our study. Nonethe-
less, rates of clinical pain relief and maintenance of motor 
function compare favorably with previously published data. 
Our study provides proof of principle that VMAT based 
SABR is a feasible treatment approach for patients with 
spinal metastases, but further study is warranted.
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