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Purpose: Maintaining immobilization to minimize spine motion is very important during
salvage stereotactic ablative radiation therapy (SABR) for recurrent head and neck cancer.
This study aimed to compare the intrafractional motion between two immobilization
methods.

Patients and Methods: With a spine tracking system for image guiding, 9094 records from
41 patients receiving SABR by CyberKnife were obtained for retrospective comparison.
Twenty-one patients were immobilized with a thermoplastic mask and headrest (Group A),
and another 20 patients used a thermoplastic mask and headrest together with a vacuum bag
to support the head and neck area (Group B). The intrafractional motion in the X (superior-
inferior), Y (right-left), Z (anterior-posterior) axes, 3D (three-dimensional) vector, Roll, Pitch
and Yaw in the two groups was compared. The margins of the planning target volume (PTV)
to cover 95% intrafractional motion were evaluated.

Results: The translational movements in the X-axis, Y-axis, and 3D vector in Group A were
significantly smaller than in Group B. The rotational errors in the Roll and Yaw in Group
A were also significantly smaller than those in Group B; conversely, those in the Pitch in
Group A were larger. To cover 95% intrafractional motion, margins of 0.96, 1.55, and
1.51 mm in the X, Y and Z axes, respectively were needed in Group A, and 1.06, 2.86,
and 1.34 mm, respectively were required in Group B.

Conclusion: The immobilization method of thermoplastic mask and head rest with vacuum
bag did not provide better immobilization than that without vacuum bag in most axes. The
clinical use of 2 mm as a margin of PTV to cover 95% intrafractional motion was adequate in
Group A but not in Group B.

Keywords: stereotactic ablative radiation therapy, CyberKnife, intrafractional motion,

immobilization method, head and neck cancer

Introduction

In recent years, salvage stereotactic ablative radiation therapy (SABR) has shown
a potential for recurrent head and neck cancer, providing patients with a chance to
control tumors. Due to the structural complexity of the head and neck, errors can
lead to underdosing of the target, while organs at risk may receive excessive
radiation doses. Head and neck cancer is particularly susceptible to underdosing
due to changes in position, resulting in poor therapeutic outcomes.'* Although the
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patient uses a thermoplastic mask and head support, the
position of the neck may change during treatment.’*
Therefore, displacement errors during treatment may
occur during a long treatment time such as SABR.

Two immobilization methods are currently used in our
department for head and neck cancer patients. The choice
of immobilization method for each patient depends on the
physician’s clinical considerations and preferences. One
method is to use a thermoplastic mask and head support
directly, and the other is to consider the variability of the
patient’s neck and shoulder, and then add a vacuum bag.
However, the optimal fixation during treatment is
unknown. Therefore, this study aimed to compare the
intrafractional motion in six degrees of freedom in the
two immobilization methods.

We retrospectively collected image-guidance data from
recurrent head and neck cancer patients who underwent
salvage SABR by CyberKnife and compared the variation
trend of six axes during treatment. According to the
obtained data of each axial displacement variation, the
estimated planning target volume (PTV) margin was ana-
lyzed to provide a reference for clinical treatment. In
addition, we further evaluated whether the safe margins
of each axis were sufficient to cover the errors of each axis
to reduce the uncertainty of treatment.

Patients and Methods

Patients

This study was approved by the institutional review board
in our institution (No. 201801618B0). The need for
informed consent from each patient was waived by the
institutional review board because this study was non-
invasive and utilized routine treatment data.

This study collected 9094 records from 41 patients
receiving salvage SABR by CyberKnife for recurrent
head and neck cancer. Forty-one patients who received
SABR from November 2016 to November 2018 were
enrolled. There were 23 cases of local recurrence and 18
cases of neck recurrence. The doses were prescribed to
70-92% isodose line ranging from 24 to 50 Gy in 3-6
fractions, with a mean dose of 41.3 Gy, and the treatment
time was 20—67 minutes per fraction. Patient characteris-
tics in these two groups were shown in Table 1.

Patient Immobilization and Simulation
All the patients were immobilized in the supine position,
with a 2.4-mm-thick U-Frame thermoplastic mask and

Table | Patient Characteristics

Characteristics Group A Group B P value
n=21, n (%) n=20, n (%)
Age (Mean, SD) 57.9 (10.7) 56.6 (8.7) 0.671*
Gender
Male 18 (85.7) 17 (85.0) 1.000°
Female 3 (14.3) 3 (15.0)
Initial Stage 0.654°
v 13 (61.9) 11 (55.0)
<1 8 (38.1) 9 (45.0)
Collimator 1.000°
InCise MLC 17 (81.0) 16 (80.0)
Iris variable aperture 4 (19.0) 4 (20.0)
Treatment time (min) (Mean, SD) 39.1 (9.8) 44.1 (10.7) 0.133*
Treatment site 0.890°
Local recurrence 12 (57.1) Il (55.0)
Oral cavity 3 7
Nasopharynx | 0
Oropharynx 3 2
Hypopharynx 3 |
Larynx | 0
Other | |
Neck recurrence 9 (42.9) 9 (45.0)
Oral cavity 5 7
Nasopharynx | 0
Oropharynx 0 |
Hypopharynx | |
Larynx 2 0
GTV (cm®) (Mean, SD) 94.0 (79.5) 160.7 (144.9) 0.133*
PTV (cm®) (Mean, SD) 142.5 (102.2) | 209.1 (188.2) 0.241*

Notes: “The P value calculated from independent t-test. ®The P value calculated
from Fisher’s exact test. “The P value calculated from Chi-square test.
Abbreviations: SD, standard deviation; MLC, multileaf collimator; min, minutes;
GTYV, gross tumor volume; PTV, planning target volume.

headrest (Timo Headrest, CIVCO Radiotherapy, Orange
City, 1A, USA). In this study, 21 patients were treated
using only a thermoplastic mask and head support immo-
bilization (Group A) (Figure 1A), and another 20 patients
were immobilized for neck and shoulder with not only
a thermoplastic mask and headrest but also a vacuum
bag (VacQfix™ Cushion, Qfix, Avondale, PA, USA)
(Group B) (Figure 1B). Vacuum bags have a durable and
non-permeable Nylon outer shell that prevents punctures
and tears. They are entirely airtight, filled with low-density
polystyrene mini-spheres, and can be molded to the
patient’s back and shoulder. After the molding was com-
pleted, the patient underwent computed tomography (CT)
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Figure | Patient Immobilization. (A) Thermoplastic Mask (Group A). (B) Thermoplastic Mask with Vacuum bag (Group B).
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Figure 2 The box plot of the displacement error for each axis. (A) Translational errors in Group A. (B) Rotational errors in Group A. (C) Translational errors in Group
B. (D) Rotational errors in Group B.
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simulation with 1.25-mm slice thickness covering head
and neck area.

CyberKnife M6 System

The CyberKnife M6 system (Accuray, Inc., Sunnyvale,
CA, USA) is a novel stereotactic radiosurgery device for
whole-body tumors. It utilizes a compact linear accelerator
(6 MV) with a computer-controlled robotic arm to target
several beams of radiation at a lesion from many different
directions as a cyberknife radiosurgery system.’ It is
equipped with an image guidance system (Target
Locating System) that provides information about the
location of the treatment target throughout the treatment.
This system uses two X-ray sources mounted overhead on
either side of the treatment couch. The X-ray sources
provide orthogonal pairs of live X-ray images which are
then compared to reference digitally reconstructed radio-
graphy (DRR) images synthesized from patient’s CT to
calculate the differences in the three translational and three
rotational axes. Coordinates of all treatments in this study
are based on the position of the patient’s C-spines. The
translational axes comprise the X-axis of superior-inferior
direction, the positive to the foot; the Y-axis of right-left
direction, the positive to the left; the Z-axis of anterior-
posterior direction, the positive to the abdomen. The rota-
tional axes include the Roll, which is centered on the
X-axis, turning right to positive; the Pitch is centered on
the Y-axis, raising head to positive; the Yaw is centered on
the Z-axis, rotating counterclockwise to positive.

Xsight Spine Tracking
Xsight spine tracking is a image guidance technique in
CyberKnife. Spine tracking relies on the bony structure
along the spinal column. Image registration is based on the
differential contrast between bony features in the vertebral
bodies. During planning, the planner defines an imaging
center (Align Center) that is just anterior to the spinal cord
and midline relative to the vertebral body. A region of
interest containing an 81 (9 x 9) nodes grid is generated.
This algorithm performs small-image registrations for 81
nodes at the intersections of a rectangular tracking grid.
Xsight Spine Tracking computes the offset between
live X-ray images and reference DRR images by identify-
ing and matching skeletal features. Before treatment, the
patient is aligned using an adjustable couch to reduce the
corrections to below the maximum robotic manipulator
limits (10, 10, 10 mm, 1°, 1°, 3°). During treatment, the
Xsight Spine Tracking collects real-time images every

30-45 seconds. A default interval of 30 seconds between
each image acquisition is used in our hospital when the
treatment starts. Then, the interval can increase gradually
up to 45 seconds after verifying the stability for the first
few minutes.

Data Analysis and Statistics

We analyzed the intrafractional motion in six degrees of
freedom for the two immobilization methods. Of the 41
patients in this study, 22 patients did not adjust the treat-
ment couch throughout the treatment. The data for another
19 patients were collected before the adjustment of the
couch to ensure the same baseline for all records. The
recording time for analysis was around 30-40 minutes,
because the couch would be adjusted to compensate for
the error after the actual clinical treatment lasting more
than this period. Taking every 10 minutes as a time ses-
sion, the average of all the images in the time session was
taken to reduce the deviation of the overall result analysis
caused by the extreme value measured by a single image at
a specific time point, and can be completely presented as
trend of displacement of the entire group.

The mean deviations of all images around each time
session for each patient could be averaged to obtain the
errors at each time point of six axes (X, Y, Z, Roll, Pitch,
and Yaw). The absolute deviations in three translational axes
at each time point for each patient were used to calculate the
three-dimensional (3D) vector error as follows:

3D = VX2 4+ Y24 22

We used independent ¢-test, chi-square test and Fisher’s
exact test to evaluate the difference between two groups.
The result was considered statistically significant at P <
0.05. All analyses used IBM SPSS Statistics 22.0 software
(IBM Corp., Armonk, NY, USA).

The PTV margin (Mptv) proposed by van Herk et al.®
was estimated to ensure that 90% of the treatment plan
volume was covered by 95% of the prescribed dose as
follows:

Mptv = 2.52+0.7c

The system error (X) was the standard deviation of the
average of each treatment record, and the random error (o)
was the mean square root of each treatment record
average.

Finally, we also used the cumulative frequency on the
translation axes for statistical analysis, and all errors were
presented as absolute values. We calculated the margin of
PTV to achieve a 95% cumulative frequency coverage.
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Table 2 Mean Translational and Rotational Errors Between Two

Immobilization Methods

Axes Group A Group B P value®
Mean (SD) Mean (SD)

X (mm) —0.10 (0.43) 0.15 (0.46) <0.001

Y (mm) 0.12 (0.75) —0.29 (1.16) <0.001

Z (mm) —0.15 (0.63) —0.19 (0.57) 0.251

3D vector 0.92 (0.58) 1.12 (0.88) <0.001
Roll (degree) 0.05 (0.61) 0.14 (0.49) 0.005
Pitch (degree) —0.15 (0.37) —0.11 (0.32) 0.049
Yaw (degree) 0.002 (0.47) —0.05 (0.44) 0.027

Note: “The P value calculated from independent t-test.
Abbreviations: SD, standard deviation; X, superior-inferior direction; Y, right-left
direction; Z, anterior-posterior direction; 3D, three-dimensional.

Results
The box plots of the displacement errors for each axis in
different treatment periods are presented in Figure 2. In
Group A (Figure 2A and B), the median of the X, Y, and
Z triaxial errors in different periods did not change signifi-
cantly. However, the error for the Y-axis increased signifi-
cantly with time. Notably, the range of variation of the
Y-axis error increased as well. In the Roll, Pitch, and Yaw
three-axis error median, the median error of the Pitch axis
moved to a negative value with time. In Group B (Figure 2C
and D), the Y-axis error data range increased with time, and
the Pitch axis error median tended to be negative with time.

The mean translational and rotational errors between two
immobilization methods are listed in Table 2. The transla-
tional movements in the X-axis, Y-axis, and 3D vector in
Group A were significantly smaller than those in Group
B. The rotational errors in the Roll and Yaw in Group
A were also significantly smaller than those in Group B;
conversely, those in the Pitch in Group A were larger.

The systematic errors, random errors, and estimated
PTV margins proposed by van Herk et al. for the three 10-

minute sessions are listed in Table 3. In Group A, the
estimated margins in the X, Y, and Z axes were
1.68 mm, 2.80 mm, and 1.90 mm, respectively. In Group
B, the estimated margins were 1.35 mm, 3.78 mm, and
2.12 mm, respectively. As time increased, the margins
gradually mildly increased in both groups.

The cumulative frequency of errors with continuous incre-
ments of 0.1 mm of deviation in the translational axes are
plotted in Figure 3. To cover 95% intrafractional motion, PTV
margins of at least 0.96, 1.55, and 1.51 mm in the X, Y, and
Z axes were needed in Group A, and 1.06, 2.86, and 1.34 mm
were needed in Group B, respectively. The clinical use of
2 mm as a three-dimensional margin of PTV to cover 95%
intrafractional motion was adequate in Group A but not in
Group B.

Discussion

The purpose of immobilization is to ensure reproducibility
of the patient’s position at each treatment and improve its
accuracy and stability. This study was a retrospective
the
between different immobilization methods. Ours is the

study to compare intrafractional displacements
first study to evaluate continuous intrafractional move-
ments in the head and neck area with different immobili-
zation methods using the Xsight spine tracking technique
in CyberKnife. In this study, we used the thermoplastic
mask and head support with or without a vacuum bag to
assess whether adding a vacuum bag could increase stabi-
lity or not during the long treatment time of SABR.

In the literature, several studies have evaluated the
Lin
et al.” compared three immobilization methods in patients

different head and neck immobilization methods.

with nasopharyngeal carcinoma undergoing intensity-
modulated radiation therapy. The immobilization methods
in their study were inclusive of (a) headrest and base plate;

Table 3 The Systematic Errors, Random Errors and Estimated Margins in the 10-Min Sessions

Group Session X (mm) Y (mm) Z (mm)
(min) z c M z c M z c M
0-10 0.22 0.15 0.66 0.42 0.34 1.30 0.48 0.31 1.43
A 11-20 0.40 0.19 I.13 0.67 0.36 1.92 0.66 0.37 1.90
21-30 0.38 0.2 1.09 0.8l 0.41 231 0.53 0.24 1.48
0-10 0.31 0.26 0.96 0.71 0.71 227 0.32 0.26 0.97
B 11-20 0.49 0.10 1.29 1.24 0.39 3.38 0.46 0.26 1.34
21-30 0.45 0.31 1.35 1.21 0.41 3.31 0.74 0.38 2.12

Abbreviations: X, superior-inferior direction; Y, right-left direction; Z, anterior-posterior direction; X, systematic errors; , random errors; M, estimated margins.
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Figure 3 Cumulative frequency of translational deviations. (A) Group A. (B) Group B.

(b) alpha cradle supporting the head and shoulder; (c)
vacuum bag supporting the head and shoulder. The weekly
cone-beam CT (CBCT) was used to evaluate interfrac-
tional motion in these three methods. They found that the
alpha cradle system was better than the others. Also,
Tryggestad et al.® compared four immobilization methods
used in patients undergoing frameless intracranial radia-
tion therapy. The immobilization methods in their study
comprised (a) Type-S IMRT mask with head cushion; (b)
Uni-Frame mask with head cushion and BlueBag body
immobilizer; (c¢) Type-S head and shoulder mask and
cushion; (d) Type-S head and shoulder mask and cushion,
coupled with a mouthpiece. The daily pre- and post-
treatment CBCT was used to evaluate the intrafractional
deviations. They found that Type-S head and shoulder
mask and cushion, coupled with a mouthpiece, had the
best accuracy and stability.

In this study the treatment time was divided into three
10-minute sessions to see the changes in each axis. We
found that intrafractional movements would gradually
increase as time went by. The displacements of 3D vector,
Roll and Pitch began to differ after 10 minutes of treat-
ment, while those of X-axis, Y-axis, and Yaw began to
change after 20 minutes. In the past, the PTV margin was
mainly determined by the equipment, treatment site, or
treatment technique, and rarely considered the displace-
ment error caused by the treatment time. There is not
much literature to discuss the influence of this aspect.

The PTV margin adopted for SABR in the head and
area varied in different radiation therapy machines and

institutions. Some previous studies’ ' explored small
treatment volumes and their PTV was defined directly

from gross tumor volume without adding any margin.

Some studies suggested that the PTV margin needed to
be 2-6 mm in SABR.">'7 Wang et al.'"® at the MD
Anderson Cancer Center used a custom cushion/mask/bite-
block immobilization system for SABR, and the calculated
PTV margin was within 1.6 mm. In our study, the random
error (o) of the two groups increased with time but did not
change significantly, but the systematic error (X) showed
significant changes with time (Table 3). The estimated
margin could be as high as 3.78 mm of Y-axis in Group B.

Mesko et al.'” analyzed the influence of target sites and
found that skull base sites had fewer interfractional and
intrafractional errors than neck/mucosal sites. Their calcu-
lated PTV margins for skull base sites (1.5 mm) were
smaller than those for neck/mucosal sites (1.8-2 mm).
The treatment target sites in our study were mainly
below the skull base level because we only enrolled the
patients using an image guidance technique with Xsight
spine tracking. For the treatment target sites around the
skull base, we would adopt a 6D-skull tracking image
guidance technique. We analyzed the intrafractional
motions of target sites according to different image gui-
dance alignment centers (Upper C-spine versus Lower
C-spine); however, we could not get consistent results in
all the six axes to conclude which target sites have better
immobility. Regardless of target sites, Igbal et al.*® sug-
gested an isotropic PTV margin of 3 mm based on the
institutional experience with their immobilization method
and image guidance technique. This margin could be
reduced to 2 mm for the patients in our Group A using
thermoplastic mask and headrest with Xsight spine
tracking.

In our study, we found that adding a vacuum bag to
the thermoplastic mask and head support did not provide
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better head and neck stability, which might be due to it
potentially working on the stability of the shoulder but
not the head and neck area. Regardless of the type of
fixation used, the error was significantly greater in the
Y-axis than the other axes. This result showed that there
was still room for improvement in the Y-axis (right-left
direction). We found that this shift increased with time,
which might be due to involuntary head and neck move-
ment caused by the corresponding muscle contraction
and relaxation. We continue to lookfor a better immobi-
lization method to improve setup accuracy and reduce
inter- and intrafractional movement.

Our research has some limitations. First, this was
a retrospective study, and there might be some selection
bias in the patients enrolled. Second, the procedures of
immobilization and patient setup would not be performed
by the same radiation therapist at each treatment despite
using the same standard operating procedures. Third, this
study could only represent the result of treatment time of
around 30-40 minutes of each treatment by SABR for
head and neck cancer. It could not represent the
results of longer treatment times.

Conclusions

The immobilization method of thermoplastic mask and
head rest with a vacuum bag did not provide better immo-
bilization than a setup without a vacuum bag in most axes.
The clinical use of 2 mm as a margin of PTV to cover 95%
intrafractional motion was adequate in Group A but not in
Group B. We need to further explore better immobilization
methods to improve the intrafractional stability, especially
in the Y-axis (right-left direction).

Abbreviations

SABR, Stereotactic ablative radiation therapy; PTV,
Planning target volume; CT, computed tomography;
DRR, digitally reconstructed radiography; 3D, three-
dimensional; Mptv, PTV margin; CBCT, cone-beam CT.
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