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A B S T R A C T

Background and purpose: Spine stereotactic body radiotherapy (SBRT) requires a high degree of accuracy due to
steep dose gradients close to the spinal cord. This study aimed to (1) evaluate intrafractional motion in spine
SBRT utilizing flattening filter free (FFF) beam delivery and cone beam computed tomography (CBCT) image
guidance and (2) evaluate if adding another CBCT acquisition and corrections prior to treatment improves the
overall position accuracy.
Materials and methods: Intrafractional motion was retrospectively analyzed for 78 fractions in 54 patients. All
patients were immobilized with an evacuated cushion. Before treatment, a CBCT was acquired, a bony fusion
with the planning CT was performed and translational and rotational errors were corrected. For 30 of the pa-
tients (39 fractions) acquisition of another CBCT and corrections were performed before treatment. A post
treatment CBCT was acquired for all patients, and translational and rotational errors measured by fusion of the
post treatment CBCT with the planning CT were recorded to calculate means and standard deviations (SDs).
Results: The positional errors were significantly smaller in 4 out of 6 error values in the patient group treated
with verification CBCT. In this group, translational and rotational SDs ranged from 0.5 to 0.6mm and 0.3°,
respectively. Corresponding values in the group treated without verification CBCT were 0.7–1.0mm and
0.4–0.7°.
Conclusion: With proper CBCT image guidance, patient immobilization and FFF-beam delivery, one can obtain
very high patient position accuracy in spine SBRT. Inclusion of a verification CBCT prior to treatment increases
the overall position accuracy.

1. Introduction

The spine is one of the most common sites of metastatic cancer
disease, and it has been estimated that approximately 10% of cancer
patients will develop spine metastases [1]. The standard treatment
option for these patients has traditionally been conventional palliative
fractionated external-beam radiotherapy (EBRT). This treatment ap-
proach is, however, associated with relatively low rates of complete
tumor response and limited pain relief after 3–6months [2–8].

In recent years, stereotactic body radiation therapy (SBRT) has
emerged as an alternative approach in the treatment of spinal metas-
tases. In spine SBRT, high doses are delivered to a confined target vo-
lume in one or a few fractions while keeping the dose to the spinal cord
within tolerance. Published data suggests that this approach results in
high rates of local control and pain response and low rates of toxicity

[9]. SBRT of spine metastases is technically challenging because of the
spinal cord tolerance dose. Due to this constraint the dose distribution
has a steep dose gradient close to the spinal cord. The aim of delivering
a high dose to the target volume while keeping the spinal cord dose
within tolerance poses high technical requirements for treatment
planning, patient immobilization and image guidance. It has been
shown that small errors in patient positioning (≤2 mm) can lead to
significant increase in spinal cord dose [10–12]. An excessive dose to
the spinal cord is associated with increased risk of radiation myelopathy
[13,14]. Myelopathy is a feared side effect that can significantly in-
fluence the patient’s quality of life and in the worst case lead to death.

Several studies have reported on patient setup accuracy and in-
trafractional motion in image guided spine SBRT [15–20]. In all these
studies the entire treatment duration for one fraction, including patient
setup, imaging and beam delivery, was relatively long: more than
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60min in some cases. This is related to time-consuming patient posi-
tioning, often highly modulated treatment plans and the high number
of monitor units required to deliver high doses. Longer treatment
durations increase the risk of unwanted patient movements [21] and
hence intrafractional imaging and patient position correction are often
used to improve accuracy.

Recently, linear accelerators with the ability to deliver beams
without a flattening filter (FF) have become commercially available.
The use of flattening filter free (FFF) beams leads to a significant in-
crease in dose rate, which reduces beam-on time considerably in SBRT
[22–24]. In addition, many accelerators are equipped with a six degrees
of freedom (6DoF) couch and patients position errors are typically
corrected by the use of cone beam computed tomography (CBCT).
When applying the positional corrections, even small couch movements
may be very noticeable for the patient, especially rotations along the x-
and y-axis (pitch and roll). We hypothesize that when these corrections
are applied, some patients may do a countermovement to stabilize
themselves. Acquisition of another CBCT and corrections prior to
treatment could improve the overall patient position accuracy.

The purpose of this study was (1) to evaluate intrafractional patient
motion in spine SBRT treatment utilizing fast FFF beam delivery, CBCT
image guidance and patient position correction in six degrees of
freedom; and (2) to evaluate the difference in overall patient positional
accuracy when implementing another verification CBCT and correc-
tions prior to treatment.

2. Methods and materials

2.1. Patient characteristics

Fifty-four patients treated with seventy-eight fractions of spine
SBRT between March 2015 and April 2018 were retrospectively in-
cluded in this analysis. Treatment sites included thoracic, lumbar and
sacral vertebras. To ensure immobilization homogeneity in the patient
group, patients with cervical metastases were not included in the ana-
lysis, since they are immobilized differently than patients with metas-
tases in other vertebrae segments (thermoplastic mask versus evacuated
cushion). Patient characteristics are summarized in Table 1.

2.2. Immobilization and treatment planning

Patients were immobilized in an evacuated cushion (BlueBAG;
Elekta, Stockholm, Sweden) which is shaped around the patient to
make a precise mold of the patient’s position. Patients were treated in
supine position with their arms abducted above the head.

CT images with slice thickness of 1.5 mm were acquired and im-
ported into Oncentra External Beam v.4.3 (Elekta, Stockholm, Sweden)
or RayStation v.5.0 (RaySearch Laboratories, Stockholm, Sweden) for
delineation and treatment planning. An axial T2-weighted magnetic
resonance imaging (MRI) scan with a slice thickness of 1mm was also
acquired and manually co-registered to the planning CT to guide tumor
and organ at risk (OAR) delineation. The MRI was not acquired with the

patients in treatment position. However, we do not think this will affect
the accuracy significantly since the registration to the CT was done
focusing only on a very limited part of the patient’s body, i. e., the
involved vertebra(es). Gross tumor volume (GTV) and clinical target
volume (CTV) were manually contoured. To create a planning target
volume (PTV), the CTV was expanded only in areas necessary to create
a 3mm margin from the GTV. A 3mm margin was added to the spinal
cord to create a planning OAR volume (PRV). Patients were typically
treated with 16 Gy in 1 fraction or 27 Gy in 3 fractions prescribed to the
67% isodoseline.

Planning techniques included volumetric modulated arc therapy
(VMAT), intensity modulated radiotherapy (IMRT) and 3D conformal
radiotherapy (3DCRT) with the vast majority of plans made with
VMAT. The 3DCRT planning was based on a beam template with nine
static beams and manual adjustment of the leafs was used in order to
fulfill spinal cord dose constraints. This technique was used for only
four patients in the first phase of the project. Treatment techniques are
summarized in Table 1.

2.3. Image guided treatment

All patients were treated on a Varian TrueBeam STx linear accel-
erator (Varian Medical Systems, Inc., Palo Alto, USA). The TrueBeam
STx is equipped with a HD120 Multileaf Collimator (MLC), a kilo-
voltage CBCT image-guidance system and a PerfectPitch 6DoF couch.
Treatments were delivered with 10 MV FFF beams with a maximum
dose rate of 2400 monitor units (MU) per minute.

Initial setup was based on patient tattoos and/or marks on the
BlueBAG. The subsequent image guidance can be divided into two
patient cohorts: cohort 1 consists of 39 fractions from 24 patients
treated between March 2015 and October 2016. After initial setup, a
CBCT was acquired (CBCTsetup) and translational and rotational de-
viations from the planning CT were corrected. If the± 3° rotational
couch tolerance was exceeded, the patients were manually repositioned
and the process was reinitiated. Immediately after treatment, another
CBCT (CBCTposttr) was acquired to assess intrafractional patient move-
ment. Cohort 2 consists of 39 fractions from 30 patients treated be-
tween December 2016 and April 2018. For these patients we included
acquisition of a verification CBCT (CBCTverif) with corrections im-
mediately after CBCTsetup with corrections. CBCTposttr was acquired in
the same way as in cohort 1. In both cohorts, all patient position de-
viations were corrected.

2.4. Data analysis

A total of 78 setup, 39 verification and 78 post-treatment CBCT
series were evaluated.

Each of the CBCTs was compared with the planning CT and three
translational and three rotational deviations in position error were re-
corded per CBCT series. Deviations for CBCTsetup and CBCTverif were
recorded directly from the online fusion performed at the time of
treatment. This was done by experienced treatment therapists.
Deviations for CBCTposttr were retrospectively recorded from automatic
offline fusion using a chamfer algorithm in the Image Review Workspace
in Mosaiq v.2.64 (Elekta, Stockholm Sweden) (Fig. 1). In all cases a
rigid, bony-registration was used with the clipbox covering the involved
vertebrae with a margin. Typically the two adjacent vertebras and a
lateral and anterior/posterior margin of 2–3 cm were included in the
clipbox. All CBCTposttr were reviewed by the same medical physicist.

Since all the deviations between the planning CT and the CBCTsetup
and CBCTverif were corrected, ideally there should not be any deviation
between the planning CT and the CBCTposttr. Therefore, intrafractional
motions were quantified by calculating this latter deviation for the
vertical, longitudinal and lateral directions as well as for the yaw, pitch
and roll for each of the two cohorts. Systematic deviations within each
cohort were evaluated by testing the mean values for these parameters

Table 1
Patient and treatment characteristics.

Characteristic Parameter No. of patients

Tumor location Thoracic 36
Lumbar 19
Sacral 3

Involved vertebral bodies 1 47
2 7

Technique VMAT 48
IMRT 2
3DCRT 4
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against zero using Student T-test after normal distribution of the data
was confirmed (Normal Q-Q-plots). Furthermore, the standard devia-
tions (SD) were compared using Fischer’s exact test to evaluate differ-
ences in random errors between the two cohorts. SPSS version 25 was
used for statistical calculation, and statistical significance was con-
sidered at p < 0.008 (after Bonferroni correction).

3. Results

Stereotactic treatment was successfully completed in all patients
without any need for manual repositioning. The mean time ± SD be-
tween start of CBCTsetup and start of CBCTposttr was 8.5 ± 2.1 and
10.7 ± 1.7min in cohort 1 and cohort 2, respectively. The mean values
of the positional errors from the CBCTsetup in the two cohorts were not
significantly different in any of the six translational or rotational di-
rections, i.e., no difference in initial patient setup accuracy between the
two cohorts was found. The mean translation deviations ± SD between
CBCTverif and the planning CT for patients in cohort 2 were
0.1 ± 0.5mm (range: −1 to 2mm) in the vertical, 0.0 ± 0.4mm
(range: −1 to 1mm) in the longitudinal and 0.0 ± 0.5mm (range: −1
to 1mm) in the lateral direction. Rotational deviations were
−0.1 ± 0.2° (range: −0.9 to 0.4°) along yaw, 0.0 ± 0.4° (range:
−0.9 to 1.3°) along pitch and 0.0 ± 0.3° (range: −0.8 to 0.4°) along
roll.

The mean values and SDs for all translational and rotational de-
viations between the planning CT and the CBCTposttr are presented in
Table 2 for both cohorts, including absolute values. In cohort 1, the
mean deviation ranged from −0.2 to 0.2mm for translational errors

and from 0 to 0.1° for rotational errors, while corresponding figures for
cohort 2 were −0.2 to 0.1mm and −0.2 to 0°. Neither of these mean
values were significant different from zero. SDs (not absolute values)
ranged from 0.7 to 1.0mm for translational errors and 0.4 to 0.7° for
rotational errors in cohort 1 and 0.5 to 0.6mm and 0.3° in cohort 2.
Pairwise comparison of the SDs in the two cohorts showed a significant
difference between the longitudinal and lateral displacement as well as
for the rotations around the z-axis (yaw) and x-axis (pitch)
(p < 0.008). For the two remaining parameters, the difference was just
not significant.

Fig. 2 illustrates the translational and rotational error distributions
from CBCTposttr in both cohorts. For cohort 1, in 30 of 39 fractions
(77%), patients had a translational error within 1mm in any direction
and in 37 of 39 fractions (95%) within 2mm. In 35 of 39 fractions
(90%), patients had a rotational error within 1° around any axis and in
38 of 39 fractions (97%) within 2°. One patient treated with fractio-
nated SBRT to Th2 had a lateral error of −3 mm on one fraction and a
pitch error of 3.3° on another fraction. Another patient also treated with
fractionated SBRT to Th8 had a longitudinal error of 3mm on one
fraction. For none of the patients were the positions consistently off.
Corresponding values for patients in cohort 2 were 37 of 39 fractions
(95%) within 1mm, 39 of 39 fractions (100%) within 2mm and 39 of
39 fractions (100%) within 1°. In this cohort, two different patients had
a vertical error of 2mm.

4. Discussion

We have in this study shown that intrafractional positional error is

Fig. 1. Example of offline fusion in Mosaiq of a patient with a metastasis in L3. Cauda equine is outlined in yellow, GTV in orange and PTV in blue. The figure shows
planning CT and post treatment CBCT in rectangular spyglass (corners marked with red dots). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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small when treating spine SBRT patients with the very short beam-on
time achieved using FFF beam delivery. The positional errors as mea-
sured on the post treatment CBCT (compared with planning CT) were
significantly smaller in the longitudinal and lateral direction as well as
rotation around the z-axis (yaw) and x-axis (pitch) in the patient group
were we included the acquisition of a verification CBCT before treat-
ment. These results suggest that the inclusion of a verification CBCT in
the treatment procedures will somewhat improve the overall patient
positional accuracy. Certainly not all patients will clinically benefit
from this extra CBCT and positional corrections. However, based on the
results of this study, we believe that some patients will do a counter-
movement when corrections from the CBCTsetup are applied. This jus-
tifies the slight increase in time used to acquire an extra CBCT, regis-
tration with the planning CT and applying corrections (approximately
2min) and the minimal increase in radiation dose due to an extra CBCT.
Identifying for which patients inclusion of a verification CBCT should
be done is not easy. We therefore recommend doing it for all patients.

Our results are in good agreement with previously reported data on
spine SBRT and patient position accuracy [15–20]. There are, however,
two major differences between our study and these others. (1) We used
FFF-beams in our treatment resulting in a significant decrease in beam-
on time compared to FF-beams. We were unable to quantify this dif-
ference in beam-on time since all our patients were treated with FFF-
beams. However, several other studies have done such comparisons
[22–24]. For instance, Nalichowski et al. [24] reported average beam-
on times of 4.4 and 9.5min when comparing RapidArc spine SBRT
plans with and without FFF, respectively. (2) We did not use any kind of
intrafractional imaging. Chang et al. [15] and Hyde et al. [19] both
reported on spine SBRT treatment using BodyFIX (Elekta, Stockholm,
Sweden) and a 6D robotic couch with a total treatment duration of up
to 60min or more. BodyFIX combines a vacuum cushion with a plastic
fixation sheet, which is presumably more rigid than only the evacuated
cushion. In both studies, 1–2 intrafractional CBCTs were acquired and
patient position corrections were applied according to their specific
action level. They reported absolute translational and rotational mean
values of 0.4–0.9 mm and 0.2–0.6°, respectively, with SDs of
0.3–1.3 mm and 0.1–0.5° when comparing post treatment CBCT to
planning CT. Li et al. [20] did an analysis comparing three different
immobilization devices (evacuated cushion, BodyFIX and S frame
Mask). However, at the time of the study, they did not have a robotic
couch that could correct rotational offsets; thus, rotations ≤2° were not
corrected. The reported translational mean values as recorded on post
treatment CBCT compared to planning CT were 0.2–0.4 mm with SDs of
0.7–1.3. The reported mean time (min:s) ± SD (min:s) from localiza-
tion to post-treatment CBCT was 34:22 ± 7:17.

Comparing our results with previous studies, we have shown that
with the use of FFF-beams and the resulting very short beam-on time,

one can obtain the same or better patient position accuracy without any
intrafractional imaging as compared to treatment using FF-beams and
some sort of intrafractional imaging. The use of a fixation sheet in
addition to a vacuum cushion seems less important with such fast beam
delivery. It is clear that a reduction in treatment duration will reduce
the risk of unwanted patient movement, which is also supported by the
study by Hoogeman et al. [21]. In the case of high-precision radiation
treatment with small margins, e.g. spine SBRT with treatment durations
of 15min or longer, they concluded that repeated intrafractional ima-
ging and patient setup correction with an interval of less than 5min
may adequately reduce the error associated with intrafractional patient
movement. A typical spine SBRT treatment at our institution takes
10–20min depending on patient condition and time needed for setup
and imaging procedures. The beam-on time is typically as little as
2–3min. The need for intrafractional imaging with such a short beam-
on time seems to be much less important than for longer treatments.

In addition to FFF-beams, the use of VMAT-technique is a con-
siderable factor when considering treatment efficiency. It has not been
the purpose of this study to compare VMAT with other treatment
techniques. However, several previous studies have reported sig-
nificantly shorter beam-on times using VMAT compared to other
techniques such as static intensity modulated radiotherapy (IMRT)
[25–28]. The use of VMAT and FFF-beams is an ideal combination to
obtain very short beam-on times and minimize the risk of unwanted
patient movements.

Patient position accuracy is used to determine appropriate PTV/PRV
margins. Adequate spinal cord PRV margin is often a safety priority to
avoid overdosing of the spinal cord. This results in a relative under-
dosing of parts of the target volume close to the spinal cord. Minimal
reduction in PRV-margin could be clinically significant, because it
would likely lead to lower rates of local failure by allowing higher dose
in the epidural space surrounding the spinal cord. The epidural space
has been recognized as a common site of treatment failure [29–34]. For
that reason it is important not to apply an excessive spinal cord PRV
margin. The results from this study and other similar studies should be
used to determine appropriate PTV/PRV-margins. We do not re-
commend any specific margins since these margins should be de-
termined based on analysis of uncertainties throughout the whole
treatment chain, not only intrafractional patient motion.

An analysis of intrafractional motion as a function of treatment site
was not done in our work. One might assume that there is a difference in
target intrafractional motion between lumbar and thoracic sites, however,
several studies have shown that this is not the case [16,17,19].

Although there are many studies, including this, that have shown
the feasibility and accuracy of spine SBRT, there is at the time of writing
no high-level clinical evidence favoring SBRT over conventional EBRT
for spine lesions, as there is no published randomized data comparing

Table 2
Summary of translational and rotational deviations from the CBCTposttr in both patient cohorts. Summary of absolute values are also shown.

Parameter Translational deviations (mm) Rotational deviations (degrees) Time* (min)

Vertical Longitudinal Lateral Yaw Pitch Roll

Cohort 1 (n= 39) 8.5 ± 2.1
Mean 0.2 0.2 −0.2 0.0 0.0 0.1
SD 0.7 1.0 0.9 0.4 0.7 0.5
Mean_abs 0.5 0.7 0.6 0.3 0.4 0.4
SD_abs 0.6 0.7 0.7 0.3 0.6 0.3

Cohort 2 (n= 39) 10.7 ± 1.7
Mean −0.2 0.1 0.0 0.0 −0.1 −0.2
SD 0.5 0.5 0.6 0.3 0.3 0.3
Mean_abs 0.2 0.2 0.3 0.2 0.3 0.3
SD_abs 0.5 0.4 0.5 0.2 0.2 0.2
p-Value** 0.051 < 0.001 0.001 0.002 < 0.001 0.053

*Time is between start of CBCTsetup and start of CBCTposttr.
**Fischer exact test comparing SD for the two cohorts.
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the two. However, there are several publications showing promising
results with spine SBRT. In a review by Husain et al. from 2017 in-
cluding 14 articles on spine SBRT [9], the authors reported local control
rates of 90% at 1 year, complete pain response in>50% and low rates
of toxicity for patients with de novo spinal metastases after SBRT.
Currently, there are two ongoing randomized studies that compare
SBRT and conventional EBRT for spine lesions. The Radiation Oncology
Group (RTOG) 0631 trial (ClinicalTrials.gov Identifier NCT00922974)
is a Phase II/III study comparing conventional palliative irradiation of
8 Gy in 1 fx and SBRT of 16–18 Gy in 1 fx. In addition, a randomized
Phase II/III study from the National Cancer Institute of Canada (Clin-
icalTrials.gov Identifier NCT02512965) compares outcomes between
20 Gy in 5 fx of conventional palliative irradiation with 24 Gy in 2 fx of
SBRT. Hopefully these trials will provide high-level evidence for the
benefits of SBRT in comparison with conventional EBRT in the treat-
ment of spine lesions.

In conclusion, with proper CBCT image guidance, patient im-
mobilization, VMAT- and FFF-beam delivery, one can obtain very high
patient position accuracy in spine SBRT treatment. Adding an extra
verification CBCT prior to treatment increases the overall position ac-
curacy. With the inclusion of a verification CBCT, patients in 95% of the
treatment fractions had a positional error of ≤1mm/1° as measured on
the post treatment CBCT. With the very short beam-on time needed
when utilizing VMAT and FFF-beams, the need for intrafractional
imaging seems to be less important compared to longer treatments to
obtain adequate precision in patient position and dose delivery
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Fig. 2. Distribution of translational errors (A) and rotational errors (B) from CBCTposttr in both patient cohorts.
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