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Background and purpose: Mitigation of intrafraction motion (IM) is valuable in stereotactic radiotherapy (SRT)
radiotherapy where submillimeter accuracy is desired. The purpose of this study was to investigate the appli-
cation of triggered kilovoltage (kV) imaging for spine SRT patients with hardware by correlating kV imaging with
patient motion and summarizing implications of tolerance for IM based on calculated dose.

Materials and methods: Ten plans (33 fractions) were studied, correlating kV imaging during treatment with pre-
and post-treatment cone beam computed tomography (CBCT). Images were taken at 20-degree gantry angle
intervals during the arc-based treatment. The contour of the hardware with a 1 mm expansion was displayed at
the treatment console to manually pause treatment delivery if the hardware was visually detected outside the
contour. The treatment CBCTs were compared using retrospective image registration to assess the validity of
contour-based method for pausing treatment. Finally, plans were generated to estimate dose volume objective
differences in case of 1 mm deviation.

Results: When kV imaging during treatment was used with the 1 mm contour, 100 % of the post-treatment CBCTs
reported consistent results. One patient in the cohort exhibited motion greater than 1 mm during treatment
which allowed intervention and re-setup during treatment. The average translational motion was 0.35 mm.
Treatment plan comparison at 1 mm deviation showed little differences in calculated dose for the target and
cord.

Conclusions: Utilizing kV imaging during treatment is an effective method of assessing IM for SRT spine patients
with hardware without increasing treatment time.

1. Introduction up in the post-operative setting [11].

Patient motion during radiation therapy treatment is of concern due

Spinal metastasis occurs in 40-70 % of cancer patients where pro-
gression can lead to mechanical instability, cord compression, or func-
tional compromise [1-5]. Surgery and radiation therapy are often used
when indications such as instability or cord compression are present,
with the combination of the two treatment approaches enhancing the
overall quality of life for patients [6]. The use of stereotactic radio-
surgery (SRT) has been widely adapted for radiation resistant histologies
and bone metastasis [6-10]. SRT allows for a conformal dose distribu-
tion delivered with submillimeter accuracy, but this approach is tech-
nically challenging, especially when considering patient comfort and set

to the possibility of a geometric miss of the target volume and increased
toxicity to organs at risk. There are now many technical strategies for
mitigating the risk of intrafraction patient motion [12-15]. Specialized
treatment systems with planar kilovoltage (kV) imaging allow for
localization and the ability to quickly acquire intrafraction imaging to
verify positioning during treatment [16,17]. Previous studies have
shown effective implementation of triggered imaging for various disease
sites, including prostate [18-24] and gastrointestinal tumors [25,26]. In
the case of patients with a spinal fixation device or hardware, the high
contrast region can be tracked over the course of treatment.
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Feasibility studies have been conducted on the detection of vertebral
bodies and spinous processes in a phantom, and it was found that shifts
in setup were detectable with visual inspection of contours overlayed on
kV images captured during treatment delivery [27]. Detectability was
proportional to the amount of the phantom’s misalignment and
improved with the observers’ experience utilizing the technique.

The purpose of this study was to report clinical application of trig-
gered kV imaging to monitor IM in spine SRT patients using spinal
hardware as a landmark. Quantitative analysis reports correlation of kV
imaging to overall patient motion assessed via pre- and post-treatment
cone beam computed tomography (CBCT) images. The appropriate-
ness of 1 mm tolerance for intrafraction motion (IM) was also evaluated
through deviation in dose and volume endpoints due to motion.

2. Material and methods
2.1. Patient treatment

This study included patients treated with SRT for spine metastasis in
the cervical and thoracic vertebral bodies. The patients were required to
have a spinal fixation device (hardware) with treatment target volumes
contained in the superior/anterior length of the hardware to be used as a
surrogate for monitoring motion with triggered kV imaging during
treatment. This study was approved by the The Ohio State University
Institutional Review Board (ID 2019C0152).

Patients treated for cervical spine were immobilized using a ther-
moplastic mask, arms positioned at sides holding pegs, and a knee
sponge. Patients treated for thoracic spine were immobilized using a
wing board to reproducibly position the patient’s arms above their head,
a patient specific bag conformed to the body, and an indexed knee
sponge with a fixation device on the patient’s thighs.

Clinical plans were developed with 2-arc volumetric modulated arc
therapy (VMAT) plans in Varian Eclipse (Version 15.6.05) using plan-
ning CTs with 1.25 mm slice thickness reconstructed with a metal arti-
fact reduction protocol. Patient target volumes were determined using
the spine radiosurgery consensus guidelines found in Cox et al. where
the planning target volume (PTV) was generated from the clinical target
volume without any additional margin [28]. The spinal cord volume was
delineated using either the registered T2 MR imaging or a diagnostic
myelogram study. A uniform 2 mm expansion was used to create the
planning organ at risk volume (PRV) for the spinal cord.

Generated plans were normalized such that the prescribed dose
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(either 27 Gy in 3 fractions or 30 Gy in 5 fractions) covered 95 % of the
PTV. Plans were optimized to meet the spinal cord dose constraints
outlined in AAPM Task Group Report 101 guidelines [12] for 3 and 5
fraction dose regimens to the 2 mm PRV when feasible, but to always
meet guidelines for the true cord volume. Conformity indices (ratio of
prescription isodose volume to treatment volume) for the plans were
between 0.98 and 1.03. The spinal hardware was contoured and iso-
tropically expanded 1 mm as a high-resolution structure for display at
the console and clinical decision making on whether to pause treatment
due to IM.

Prior to treatment, a CBCT image of the patient was taken for
localization. The Intrafraction Motion Review (IMR) application on the
Varian (Palo Alto, CA) TrueBeam® was used to acquire triggered kV
imaging during the arc-based treatment at 20-degree gantry angle in-
tervals. Using this imaging frequency, the approximate imaging dose to
central axis is 0.03 Gy per fraction for a VMAT plan using two arcs. The
projection of the hardware in the image relative to the gantry position
and its 1 mm expanded contour were displayed at the treatment console
(Fig. 1). The position of the hardware in the kV image relative to the 1
mm expansion contour of the hardware was used as a clinical decision-
making threshold. If there was visual indication for motion greater than
1 mm, the treatment was paused, and the patient was reimaged using
CBCT. At the end of treatment, a CBCT was acquired for patients as a
surrogate to quantify the motion over the course of treatment. The post-
treatment CBCT was registered to the pre-treatment CBCT retrospec-
tively to estimate the shifts, based on which, calculated dose and volume
endpoints including changes to coverage of the target volume and dose
to the spinal cord could be assessed.

2.2. Intrafraction motion assessment

Ten patient plans were studied in this cohort with triggered kV im-
aging during treatment. The size of the treatment field varied based on
the extent of patient disease with patient plans including 1 to 5 vertebral
bodies. The average length of the hardware was 16 cm with the
maximum length of 28 cm and minimum length of 3 cm. A summary of
the treatment volumes and hardware are found in Supplementary
Table S1.

A total of 33 treatment fractions obtained a mid- or post-treatment
CBCT for cumulative IM analysis. (Imaging for three fractions in the
cohort were not obtained due to technical or clinical reasons.) CBCT
imaging data during treatment was imported to Velocity Version 4.1

Fig. 1. Example of patient with spinal fixation hardware (A) and example of contour of hardware and 1 mm expansion used for clinical decision-making during

treatment (B).
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(Varian Medical Systems, Palo Alto, CA) where registrations were
created to retrospectively assess the differences between the two time
points, which corresponded to patient motion during the fraction. De-
tails of the registration method can be found in Supplementary Materials
Section B. The average translational motion and the vectoral length (r)
from the components of the IM is calculated for each fraction.

2.3. Calculated dose analysis

Impact in terms of dose volume histogram (DVH) differences of a 1
mm shift was assessed by applying this shift to the original treatment
plan to simulate the threshold for intervention during treatment. A
group of six plans was generated for each patient’s plan using Varian
Eclipse Plan Uncertainty Parameters calculation module. Translational
shifts are applied to the patient data set in each axis in the both the
positive and negative direction, and new plans were calculated using
AcurosXB External Beam algorithm with 1 mm calculation resolution.
Examples of the DVH deviation results from the plans are shown in
Supplementary Material Section C. In this study, the worst-case scenario
was considered to report the greatest difference within the group of
plans for the coverage of the PTV and maximum dose to the spinal cord
and PRV. The objectives analyzed included PTV maximum dose, PTV
D95%, PTV minimum dose, cord maximum dose, and cord PRV
maximum dose. Due to the small sample size in this cohort of 10 patient
plans analyzed, a two-tailed paired t-test was used to compare these
calculated dose objectives and the Shapiro Wilk test was used to verify
normality of the data. The null hypothesis was that on average there are
no differences in calculated dose between the original plan and 1 mm
shift for the PTV and spinal cord using a two-tailed paired t-test with o =
0.05.

For this study, maximum dose to the PTV is defined as the nominal
dose maximum reported by the treatment planning system, minimum
dose to PTV is that to 99.99 %, and maximum cord dose to 0.03 cm®. For
comparison of spinal cord constraints between 3 and 5 fraction plans,
the maximum dose to the cord (0.03 cm3) was subtracted from the
AAPM TG-101 planning objective for each patient’s plan where 30 Gy
was used as the planning objective for 5 fractions and 21.9 Gy was used
for 3 fraction radiotherapy treatments.
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3. Results

The addition of triggered kV imaging did not increase patient time on
the table unless interruption due to motion was required. When the
treatment team visually indicated the hardware was within the 1 mm
contour, the post-treatment CBCT (upon registration with the pre-
treatment CBCT) confirmed the patient was within the 1 mm clinical
tolerance at the end of treatment shown in Fig. 2. The average trans-
lational IM of the patients in the cohort was 0.35 mm.

Of the 33 fractions, one was paused due to observed motion outside
of the 1 mm tolerance represented in Fig. 1 in the x-axis exceeding the 1
mm threshold during fraction 30. The change was identified mid-
treatment by the triggered imaging process allowing the treatment
team to manage the patient motion.

The null hypothesis was rejected that on average there were no
dosimetric differences between the original plan and 1 mm shift for PTV
D95%, PTV Minimum Dose, spinal cord maximum dose, and spinal cord
PRV maximum dose (<0.01) with exception of the PTV maximum dose
(p =.90) using a two-tailed paired t-test with a = 0.05. While the dif-
ferences were statistically significant, the clinical significance of the
differences in the plan quality remains minimal in most cases. Addi-
tional data for each of these parameters is presented in more detail in
Supplementary Material Section D.

The dose volume deviations in spinal cord maximum dose due to 1
mm shifts are shown in Fig. 3, indicating the treatment planning is
robust with shifts up to 1 mm in 9 of the 10 patients in this cohort.
Within the cohort, only one of the ten clinical plans would have
exceeded recommended planning objectives for the spinal cord. The
average difference for the cord dose with a 1 mm shift was 2.06 + 0.68
Gy. The average difference for the PRV cord dose with 2 mm margin
with a 1 mm shift was 2.72 + 1.31 Gy.

4. Discussion

In this study, triggered imaging has been shown as a feasible motion
assessment option for postoperative spine patients. One patient in the
cohort exhibited motion greater than 1 mm during the retrospective
study, which was identified by the clinical methodology. Without the
use of triggered imaging, this deviation may not have been detected
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Fig. 2. Translational shifts for each fraction calculated from pre- and post-CBCT. Vectoral length (r) from the components is calculated and displayed for reference.
Difference during fraction 30 was identified with triggered imaging mid-treatment with a CBCT initiated due to the kV data suggesting intrafraction motion. Patient
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Fig. 3. Difference in treatment planning dose to spinal cord compared to TG-101 recommendations by number of fractions. Positive numbers indicate the current
planned treatment dose is within TG-101 recommendations and negative values represent plans that would exceed TG-101 recommendations.

clinically. Other fractions when within tolerance showed consistency
between kV imaging during treatment and post-CBCT. 1 mm was shown
to be a reasonable tolerance to prevent significant dose deviations to the
target and spinal cord using our current treatment planning techniques.

Motion of the spine has components which are both systematic and
random. While studies have reported submillimeter median or mean
positional differences over the course of treatment [29,30], others have
observed values in the 1-2 mm range [31,32] with the largest shifts
reported could be greater than 3 mm [29,33]. Studies have shown that
the motion is dependent on immobilization, anatomical location of the
treated vertebrae [30,32], and time spent on the treatment table
[34,35]. In our study, the average translational motion for the patients
was 0.35 mm, but IM approaching 1 mm tolerance was observed in some
cases. The addition of kV imaging during treatment added no additional
time to treatment delivery if the patients did not indicate motion outside
of tolerance.

kV images during treatment can be obtained using orthogonal im-
aging systems in the room (ceiling or floor) or with gantry-mounted kV
imaging systems [36-41]. Limitations to kV imaging for IM assessment
include two-dimensional data, additional ionization dose to the patient,
and lack of contrast in soft tissue. However, this technique can be helpful
for determining IM for patients with hardware receiving radiation
treatments with very high dose per fraction. With a gantry-based im-
aging solution, no additional imaging hardware is necessary making
triggered kV imaging for IM assessment accessible to users of c-arm
linacs.

Vendor systems can support automatically turning the beam off
when specific criteria is met indicating IM [21]. The methods in this
study using a clinically generated contour with triggered imaging are
not currently a vendor-supported or automated process using a library of
pre-defined fiducials for automated feedback to the clinical user for real-
time decision making since a standard marker geometry is not used for
tracking. Implementation requires training for the development of
appropriate contours, interpretation of imaging at the console, manual
pausing of treatment, and clinical decision-making at the treatment
console.

Limitations of this study include small sample size due to the desire

to minimize the addition of a post-treatment CBCT for patients in effort
to reduce total treatment time and imaging dose. Due to the retrospec-
tive nature of the review, there was limited initial data to assess because
once the clinical process was deemed safe and clinically acceptable, the
clinical team agreed to discontinue validation imaging post-treatment.
For this study, the registrations were conducted offline retrospectively
in a separate software which is different from real-time clinical assess-
ment at the treatment console. An assumption is that the CBCT imaging
is a surrogate of patient motion during treatment, but these methods
only represent two distinct time points in the treatment process for
comparison. It is possible patient motion could occur during treatment
or after treatment before the post-treatment CBCT that would not be
represented in the data presented.

Some metastatic spine tumors are rapidly progressive, painful for
patients, poor in prognosis, and difficult to treat [8]. Because of the
potential discomfort of immobilizing patients with spine metastasis,
methods for IM should be considered, especially in SRT cases where
large doses with high gradients are being delivered. The use of triggered
imaging is feasible for monitoring IM in SRT spine cases for patients with
hardware. The calculated dose results have shown clinically acceptable
differences when appropriate contours using 1 mm contour expansion
from the hardware are displayed at the treatment console and the
clinical team is trained to interpret the results when there are indications
of patient motion during treatment.

This work showed triggered kV imaging as a powerful tool in IM
monitoring for spine SRT patients with hardware. The proposed work-
flow was sensitive to motion >1 mm, which does not correlate to sig-
nificant impact in calculated dose for patient treatment plan.
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