
Abstract. Background/Aim: Positional uncertainty in
spinal stereotactic body radiotherapy (SBRT) may cause
fatal error, therefore, we investigated the intra-fractional
spinal motion during SBRT and its time dependency.
Patients and Methods: Thirty-one patients who received
SBRT using CyberKnife were enrolled in the study. 2D kV
X-ray spine images in two directions were taken before and
during treatment. Image acquisition intervals during
treatment were set at 35-60 sec. Automatic image matchings
were performed between the reference digital reconstructed
radiography (DRR) and live images, and the spinal position
displacements were logged in six translational and
rotational directions. If the displacements exceeded 2 mm
or 1 degree, the treatment beam delivery was interrupted
and the patient position was corrected by moving couch,
and the couch adjustments were also logged. Based on the
information, the time-dependent accumulated translational
and rotational displacements without any couch adjustments
were calculated. Results: Spinal position displacements in
all translational and rotational directions were correlated
with elapsed treatment time. Especially, Right-Left
displacements of >1 mm and >2 mm were observed at 4-6
and 8-10 min after treatment initiation, respectively.
Rotational displacements in the Yaw direction >1˚ were
observed at 10-15 min after treatment initiation.
Conclusion: The translational and rotational displacements
systematically increased with elapsed treatment time. It is
suggested that the spine position should be checked at least

every 4-6 min or the treatment time should be limited within
4-6 minutes to ensure the irradiation accuracy within the
millimeter or submillimeter range.

Developments in chemotherapy, molecular targeted therapy,
and immunotherapy [e.g., programmed death-1 (PD-
1)/Programmed death-ligand 1 (PD-L1) inhibitors] have
contributed to the prolonged survival of patients with distant
metastatic disease. Maintaining the quality of life (QOL) of
patients by controlling distant metastatic lesions is an
important challenge to address. The spine is one of the most
common sites of metastasis, causing pain and negatively
impacting QOL. Spinal metastases have been treated using
palliative radiotherapy with a dose of 8 Gy in a single
fraction or 20-30 Gy in 5-10 fractions using conventional
two-dimensional radiotherapy (2DRT) or three-dimensional
conformal radiotherapy (3DCRT). Stereotactic body
radiotherapy (SBRT) is increasingly being used for
oligometastases of the spine. SBRT enables the delivery of
high radiation doses to the tumor specifically while
minimizing the dose to the surrounding normal tissues, such
as the spinal cord, which may provide longer pain relief and
better tumor control when compared with conventional
radiotherapy (1, 2). Moreover, some studies have reported
the effectiveness of re-irradiation using SBRT for recurrent
spinal metastases after conventional radiotherapy (3).

Intra-fractional motion errors are critical in SBRT for
spinal metastases. Therefore, various types of image-guided
radiotherapy (IGRT) are performed in parallel to minimize
the displacement of a patient’s position during treatment (4,
5). Even so, it is difficult to perform real-time correction of
a patient’s position during treatment in several treatment
devices. The treatment duration of SBRT varies by i) the
treatment device, ii) the site of irradiation, and iii) the
prescribed dose, but is generally longer than that of a
conventional 3DCRT. Regarding the treatment device,
several studies on the treatment planning have reported the
treatment time of approximately 10 min using TrueBeam
(Varian Medical systems, Palo Alto, CA, USA) and 20-30
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min using TomoTherapy (Accuray, Inc., Sunnyvale, CA,
USA) (6, 7). With an increased treatment duration, intra-
fractional motion error may occur more frequently during
SBRT. Therefore, the time dependent intra-fractional motion
of the spine should be accurately assessed.

CyberKnife (Accuray, Inc.) has a room-mounted X-ray
imaging system for tracking the spine during treatment, and
the system logs the intra-fractional data of the translational
and rotational displacements of the spine. In this study, we
investigated the intra-fractional spinal motion during SBRT
and its time dependency by analyzing the log data.

Patients and Methods
A total of 31 patients (32 plans) who received SBRT using CyberKnife
at our hospital from April 2014 to March 2020 were enrolled in this
study. Patient characteristics are summarized in Table I. Patients were
immobilized using a vacuum bag and a cushion placed under the knees
(Figure 1). All treatments were delivered with a real-time tracking
system using the spinal body near the tumor as a landmark. Log data
from 32 plans conducted as initial treatment were analyzed.

Two-dimensional kV X-ray spine images in two directions were
taken before and during SBRT using a room-mounted X-ray imaging
system (Accuray, Inc.) associated with the CyberKnife. Image
acquisition intervals during treatment were set at 35-60 sec. Since the
CyberKnife system did not allow imaging during treatment beam
delivery, images were acquired approximately once a minute (Table I).
The timestamps of each imaging were logged. Automatic image
matching using the spinal body was performed between reference
digitally reconstructed radiography (DRR) images and live images
using the Xsight Spine Tracking System of CyberKnife. The
mismatches between DRR and live images were logged in six
translational and rotational directions [Right-Left (R-L), Superior-
Inferior (S-I), Anterior-Posterior (A-P), Roll, Pitch, and Yaw] (Figure

1). If the displacements exceeded 2 mm or 1 degree, the treatment
beam delivery was interrupted and the patient position was corrected
by moving the couch, and the couch adjustments were also logged.
Based on the information, the time-dependent accumulation of
translational and rotational displacements without couch adjustments
were analyzed. Positional displacements were calculated by averaging
every 2 minutes for 0-10 minutes and every 5 minutes for 10-20 min.
Pearson’s correlation coefficients (r) were used to evaluate correlations
between spinal body displacements and elapsed treatment time. Values
of p<0.05 were considered statistically significant. This study was
approved by the Institutional Review Board of our institute (Approval
number: 18-106).

Results

Figures 2a and b show the time-dependent accumulation of
the spinal displacements in a case with the biggest movement.
Relatively large displacements in the R-L and Yaw directions
were observed in this case, and the displacements tended to
increase with time. Figures 2c-h show the mean time-
dependent accumulation of displacements in all cases. Spinal
position displacements in all translational and rotational
directions were correlated with elapsed treatment time. In
particular, there was a moderate correction (r>0.4) between the
R-L and S-I directions. Mean±1 SD maximum translational
displacements within 20 min for all patients were 1.3±0.9 mm,
0.8±0.4 mm, and 0.6±0.4 mm in the R-L, S-I, and A-P
directions, respectively, and mean±1 SD maximum rotational
displacements in the Yaw, Pitch, and Roll directions were
0.6±0.3˚, 0.4±0.2˚, and 0.5±0.3˚, respectively.

Table II shows the proportion of cases with mean
translational and rotational displacements of >1 mm, >2
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Table I. Patient characteristics.

Characteristic Number 
of cases

Tumor Lung (primary or metastatic) 22
location Rectum (postoperative pelvic 1

recurrence)
Prostate (postoperative pelvic 1

recurrence)
Spinal body (thoracic) 2
Lymph node metastasis 6
(neck/abdomen/pelvis)

Tracking Cervical spine 3
location Thoracic spine 22

Lumbar spine 7
Prescribed dose 12-60 Gy –
Fractions 3-8 fractions –
Mean image 1 min 9 sec±11 sec –
interval
Mean treatment 34 min 12 sec±10 min 34 sec –
time Figure 1. Patient set-up. Patients were immobilized using patient-

specific vacuum bags. Yellow arrows correspond to the direction of
spine translations and rotations.



mm, >1˚, or >2˚ according to the elapsed treatment time. R-
L displacements of >1 mm and >2 mm were observed at 4-
6 and 8-10 minutes after treatment initiation, respectively.
No displacement of >2 mm was observed within 20 min in
the S-I and A-P directions. Rotational displacements in the
Yaw direction of >1˚ were observed at 10-15 min after
treatment initiation.

Discussion

Some studies evaluated the intra-fractional spinal motion
during SBRT using ExacTrac (BrainLab, Heimstetten,
Germany) (8) or Cone-Beam CT (9). These studies analyzed
the spinal motion from the positional data of pre- and post-
SBRT or those of very short period of time during SBRT.
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Figure 2. Time-dependent translational and rotational displacements of the spinal body. Graphs a and b show the time-dependent accumulation of
the spinal displacements in a case with the biggest movement. Black dots correspond to mean displacements in increments of 5 min in the Right-
Left (R-L) and Yaw directions, respectively. Relatively large displacements in the R-L and Yaw directions were observed in this case, and the
displacements tended to increase with time. Graphs c-h show results of mean translational and rotational displacements of all cases according to
elapsed time (0-10 min in 2-min increments, 10-20 min in 5-min increments). Error bars represent standard errors. R-L: Right-left; S-I: superior-
inferior; A-P: anterior-posterior.



Therefore, they did not evaluate the continuous spinal
motion during the entire treatment. Murphy et al. (10) and
Chuang et al. (11) have measured the intra-fractional motion
with the CyberKnife X-ray imaging system, but only
analyzed positional displacements between consecutive
image acquisitions taken in 1-2 min intervals, rather than the
positional displacement over the entire treatment fraction.
Although intra-fractional motions of the skull or metal
markers have been reported, there is no report on the time-
dependent intra-fractional spinal motion in SBRT (12).

Mean translational and rotational displacements were
correlated with elapsed treatment time, indicating that the
spine was systematically displaced during treatment and this
displacement increased with time. Despite this, there was no
case in which the maximum rotational displacement
exceeded 1˚ within 10 min from the initiation of the
treatment. Moreover, the influence of rotational displacement
is considered to be limited in spinal SBRT. The reason is that
the beam isocenter is set near the center of the target in most
situations (12). In contrast, translational displacements,
especially in the R-L direction, were relatively large, with
displacements of >1 mm at 4-6 min and >2 mm at 8-10 min
from the initiation of the treatment in some cases. Hoogeman
et al. have recommended patient position matching at least
every 5 minutes in order to achieve irradiation accuracy in
the millimeter or sub-millimeter range for skull or metal
marker tracking (12). Similar findings were obtained in the
present study, suggesting the importance of frequent image
guidance for spinal SBRT due to the close proximity of
organs at risk (OARs), especially the spinal cord.

In SBRT, steep dose distributions are applied to deliver a
large dose to the tumor while reducing it to the adjacent
OARs (4). Serious adverse events could occur if large doses
are delivered to the OARs due to the intra-fractional motion.
Therefore, when treating patients with an IGRT device that

does not allow for real-time positional correction during
irradiation, an appropriate setup margin must be set to
account for intra-fractional motion (13). However, expanding
the setup margin may cause overlap between the PTV and
OARs, making it difficult to irradiate the tumor with a
sufficiently large dose. In the present study, increasing intra-
fractional motion of the spine was observed as the treatment
time elapsed. Therefore, it is required to either shorten the
irradiation time or perform frequent image guidance. 

This study has several limitations worth noting. First, the
sample size was small, thus, we could not assess the influence
of differences in tracking sites (cervical, thoracic, or lumbar
spine). Depending on the fixation method, the cervical or upper
thoracic spine may exhibit more positional displacements due
to the curvature. Second, intra-fractional motion may change
depending on the condition of the patient. When a patient has
severe pain, for instance, the intra-fractional motion may be
greater than the patients in the present study. Spinal SBRT
sometimes requires the use of analgesics to maintain the
patient’s posture during treatment (14).

In summary, both time-dependent translational and rotational
displacements were observed in SBRT for spinal metastasis.
The results of the present study suggest that spine position may
be checked at least every 4-6 min during SBRT or the treatment
time should be limited to 4-6 min to ensure the irradiation
accuracy within the millimeter or submillimeter range.
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Table II. Proportion of cases with mean translational and rotational displacements of >1 mm, >2 mm, >1˚, or >2˚ according to elapsed treatment
time. Parameters are given in percentages.

                                                         0-2 min                2-4 min               4-6 min               6-8 min              8-10 min            10-15 min            15-20 min
                                  
R-L                     >1 mm                     0.0                       0.0                     12.5                     12.5                     21.9                     31.3                     40.6
                           >2 mm                     0.0                        0.0                       0.0                       0.0                       3.1                       6.3                     12.5
S-I                       >1 mm                     0.0                        0.0                       0.0                       3.1                       3.1                       3.1                     12.5
                           >2 mm                     0.0                        0.0                       0.0                       0.0                       0.0                       0.0                       0.0
A-P                     >1 mm                     0.0                        0.0                       0.0                       0.0                       0.0                       0.0                       9.4
                           >2 mm                     0.0                        0.0                       0.0                       0.0                       0.0                       0.0                       0.0
Roll                     >1˚                            0.0                        0.0                       0.0                       0.0                       0.0                       0.0                       0.0
                           >2˚                            0.0                        0.0                       0.0                       0.0                       0.0                       0.0                       0.0
Pitch                    >1˚                            0.0                        0.0                       0.0                       0.0                       0.0                       0.0                       0.0
                           >2˚                            0.0                        0.0                       0.0                       0.0                       0.0                       0.0                       0.0
Yaw                     >1˚                            0.0                        0.0                       0.0                       0.0                       0.0                       3.1                       3.1
                           >2˚                            0.0                        0.0                       0.0                       0.0                       0.0                       0.0                       0.0

R-L: Right-left; S-I: superior-inferior; A-P: anterior-posterior.
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