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during tracking. However, sometimes a single fiducial marker is employed when rotation
corrections are not estimated during treatment.

Materials and methods: Data were analysed for 32 patients with liver tumours where one
fiducial marker was implanted. Four-dimensional computed tomography (CT) scans were
performed to determine the internal target volume (ITV). Before the first treatment fraction,
the CT scans were repeated and the marker migration was determined. Log files generated by
the Synchrony system were obtained after each treatment and the correlation model errors
were calculated. Intra-fractional spine rotations were examined on the spine alignment
images before and after each treatment.

Abbreviations: AP, anterior-posterior; CTV, clinical target volume; GTV, gross tumour volume; LED, light-emitting diode; ITV, inter-
nal target volume; LR, left-right; PTV, planning target volume; SBRT, stereotactic body radiation therapy; SD, standard deviation; SI,
superior-inferior; XST, Xsight Spine Tracking.
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Results: The mean (standard deviation) ITV margin was 4.1 (2.3) mm, which correlated weakly

with the distance between the fiducial marker and the tumour. The mean migration dis-
tance of the marker was 1.5 (0.7) mm. The overall mean correlation model error was 1.03
(0.37) mm in the radial direction. The overall mean spine rotations were 0.27° (0.31), 0.25°
(0.22), and 0.23° (0.26) for roll, pitch, and yaw, respectively. The treatment time was moder-
ately associated with the correlation model errors and weakly related to spine rotation in

the roll and yaw planes.

Conclusions: More caution and an additional safety margins are required when tracking a

single fiducial marker.

© 2019 Greater Poland Cancer Centre. Published by Elsevier B.V. All rights reserved.

1. Background

Stereotactic body radiation therapy (SBRT) can be considered
as an alternative treatment for patients with liver cancer
who are not eligible for ablation or transcatheter arterial
chemoembolisation.»? SBRT delivers high-dose radiation to
the tumour via a small number of fractions and minimises
radiation-induced liver damage. The role of SBRT in the treat-
ment of hepatocellular carcinoma and metastatic tumour
has been the subject of several recent reviews, all of which
show that SBRT has promising results with a low risk of
serious toxicity.”* Management of respiration-related tumour
motion, such as respiratory gating and real-time tumour
tracking, are applied in SBRT to reduce the volume of the sur-
rounding tissues that might be irradiated.>® Implantation of
internal fiducial markers in the liver has become the clinical
standard because it is an effective and safe procedure that
allows the tumour position to be tracked.” During treatment,
intra-fractional kV X-ray images can be used to verify the
positions of these fiducial markers for tumour tracking.® The
fiducial markers can also improve the set-up accuracy when
compared with the bony anatomy set-up.’

The CyberKnife Synchrony Respiratory Tracking System
(Accuray Inc., Sunnyvale, CA, USA) can be used for delivery
of SBRT with real-time tumour motion tracking to sub-
millimetre accuracy,”'®'" which allows for the delivery of
high-dose radiation to a tumour in a few fractions. Pre-
vious reports on patients with liver metastases treated by
CyberKnife have demonstrated excellent local control rates
with very low toxicity.* The system has two orthogonal
diagnostic X-ray sources fixed in the ceiling and flat-panel
detectors under the floor to image internal targets, min-
imising errors caused by intra-fractional patient motion. The
respiratory motion of a patient is monitored by a camera
array mounted onto the ceiling and light-emitting diode (LED)
markers attached to the patient. A correlation model for the
determination of the relationship between the external LED
marker positions and internal target positions is also used for
real-time tracking.'>'3 Typically, gold markers are placed near
or within the tumour to act as internal targets for prediction of
the position of the tumour, and more than three usable fiducial
markers are required to allow for six-directional corrections
(translations and rotations) during treatment.*%

In clinical practice, it is possible to track a tumour with
fewer than two fiducial markers without risking complications

such as haemorrhage and a high number of artefacts on com-
puted tomography (CT) images, while avoiding the complexity
associated with the use of multiple fiducial markers dur-
ing tracking.'>6 In this situation, patients are aligned to the
planned position by referencing the spinal structures near the
fiducial markers with translational and rotational corrections
at the start of the treatment. Translational corrections are only
possible during beam delivery. Therefore, some uncertainties
related to tracking without rotational corrections during treat-
ment are needed to be investigated because CyberKnife SBRT
localises the target very precisely and the treatment time is
longer than that of typical external beam radiation therapy.
Although many studies have demonstrated the accuracy of
normal multi-fiducial tracking with the CyberKnife Synchrony
system,'”171® there has been no in-depth investigation of the
uncertainties of tracking with fewer than two fiducial markers.
Itis also unclear if this tracking method has the same accuracy
as a normal multi-fiducial tracking system. It is important to
assess the appropriate margins in the treatment plan when
fewer than two fiducial markers are used for tracking.

In this study, we retrospectively analysed the following
factors in patients with liver tumours treated at our insti-
tution using the CyberKnife Synchrony system with only a
single fiducial marker: internal target volume (ITV) margin,
migration of the marker, correlation model error, and intra-
fractional spine rotations during beam delivery. This study
might contribute to the management of treatment for liver
cancer using a single fiducial tracking method.

2. Materials and methods
2.1. Patients and treatment plan

Data from 32 patients with liver tumours were retrospec-
tively analysed. These patients were treated at Kobe Minimally
Invasive Cancer Center (Hyogo, Japan) using SBRT based on
CyberKnife Synchrony Respiratory Tracking System (VSI, ver-
sion 9.6.0) on a six-directional moving couch between October
2016 and March 2018 were retrospectively analysed. The study
data were restricted to be only from patients who showed
no visible movement during treatment. One tumour for each
patient was treated in four fractions with individually tai-
lored doses varying between 40 Gy and 60 Gy. One Gold Anchor
fiducial marker (Naslund Medical AB, Huddinge, Sweden) was
implanted percutaneously near the tumour under ultrasound
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guidance in each patient. Approximately one week after place-
ment of the fiducial marker, 1.0-mm-thick CT slices were
collected from patients during breath-hold in expiration for
treatment planning. The patients were immobilised in the
supine position with arms raised using full-body vacuum
cushions (Vac-Lok, CIVCO Medical Solutions, Coralville, IA,
USA). One patient was positioned with the arms at the sides.
The patient characteristics are shown in Table 1. The ethics
approval for this study was obtained from the appropriate
committee at our institution (reference 2017-kenkyu11-08).
Treatment was designed using a MultiPlan system (ver-
sion 4.6.0; Accuray Inc.). For delineation, contrast-enhanced
CT and magnetic resonance images were used to acquire the
gross tumour volume (GTV); the clinical target volume (CTV)
was equal to the GTV. To account for deformation of the
tumour, including its rotation induced by respiratory motion
and the motion difference between the fiducial marker and
the tumour, each phase of the four-dimensional CT scans was
registered to the primary CT images by referencing the fidu-
cial marker on Velocity software (version 3.2.1; Varian Medical
System, Palo Alto, CA, USA). The ITV was then created by
summation of all the CTV phases. In this study, the size of
the ITV margin was defined as the maximum displacement
of the original CTV to cover all CTV phases. The amplitude
of the respiratory-induced motion of the fiducial marker was
also evaluated using the CT data obtained in the expiratory
and inspiratory phases. The planning target volume (PTV) was
derived via the ITV using 3-4-mm margins, which are routinely
used in SBRT by CyberKnife for liver tumours at our centre.
Separate from the beam delivery plan, the Xsight Spine Track-
ing (XST) plan was designed for patient alignment. In this plan,
the spinal structure closest to the fiducial marker is set as the
alignment centre. The distances from the fiducial marker to
the tumour and to the spine alignment centre were obtained
from the primary CT images. The distance from the marker to
the tumour was measured as the distance between the marker
and the edge of the GTV that was closest to the marker. All
treatment plans were designed using one or two fixed-size
collimators with isocentric or nonisocentric delivery.

Table 1 - Patient characteristics.

Characteristics All plans (n=32)
Sex

Male 20 (62.5%)

Female 12 (37.5%)
Age (years)

Median (range) 69.5 (51-85)
Tumour type

Hepatocellular carcinoma 21 (65.6%)

Metastasis 11 (34.4%)
Tumour site

S2/S3/S4/S5/S6/S7/S6 and 7/S7 and 8/S8 2/2/7/1/1/6/2/1/10
Prescribed dose

60 Gy 7 (21.9%)

50 Gy 22 (68.8%)

Other 3(9.3%)
Beams delivered, n

Mean (range) 58 (31-100)

2.2.  Treatment using tracking of a single fiducial
marker

As part of our routine clinical practice, a CT scan was per-
formed in each patient immediately before the first fraction
of treatment to assess migration of the marker. The scan was
performed in the same way as for treatment planning. Using
the Velocity software, the images were then registered to the
original planning images by referencing the tumour, and the
magnitude of marker migration was measured.

At the beginning of treatment, the XST system was used
to acquire the pre-treatment diagnostic images (pre-images)
to precisely align the translation and rotation according to
the spinal structures near the fiducial marker. The couch was
shifted in translation from the spine alignment centre to the
centre of the fiducial marker. A respiratory motion model cor-
related between the LED markers and fiducial positions was
then constructed for delivery of real-time tumour tracking by
the Synchrony system, based on the images acquired dur-
ing the various respiratory phases. During beam delivery, new
images were acquired at a time interval of 30-60s and the
correlation model was continuously updated. The treatment
schema is shown in Fig. 1. Two radiation technologists care-
fully monitored patient movement and respiratory motion
during treatment.

2.3. Correlation model error

Data in ModelPoint.log, which is the log data file produced
by the Synchrony system, was obtained after each treatment
fraction in each patient to analyse the correlation model error,
as described previously.’® The data in this file were recorded at
the time of each image acquisition during treatment. The cor-
relation model error was defined as the difference between
a tumour location as determined by images and that cal-
culated by the latest correlation model. The overall mean
error of each fraction was calculated for each patient for the
superior-inferior (SI), left-right (LR), and anterior-posterior
(AP) directions. Radial errors were calculated by root-squared
summation of each direction. The treatment time per fraction
was also obtained from the log file and defined as the interval
between the first XST alignment and the end of beam delivery.

2.4.  Intra-fractional spine rotation

To confirm the intra-fractional spine rotation during treat-
ment, after the beam delivery was completed, the couch was
shifted translationally to match the position of the spine align-
ment centre of the pre-images and the post-treatment images
(post-images) were acquired. The rotational offset values for
the pre-images and post-images of each patient were stored
in log files produced by the CyberKnife target locating sys-
tem after each treatment fraction. The intra-fractional spine
rotations were then calculated by subtracting the values of
the post-images from those of the pre-images for each matrix
(along the roll, pitch, and yaw axes). Assuming that the spine
rotation was linearly correlated with the target position, the
errors of spine rotations on the target position were calculated
by subtracting the position vector of the predicted target from
that of the rotated target for each axis. The target position was
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S

Xsight Spine Tracking

Fiducial Tracking
with Synchrony

Fig. 1 - An example of single fiducial tracking. (A) Computed tomography image and (B) digitally reconstructed radiograph
(DRR) of an inserted fiducial marker (arrowhead). (C) Left image represents Xsight Spine Tracking at the beginning of
treatment, and the right image represents the fiducial tracking with the Synchrony system during beam delivery. The upper
and lower images show the projections of two orthogonal X-ray sources (cameras A and B).

considered as the centre of the PTV. The precision of the val-
ues recorded in the log files for the roll component was 0.1
degrees, and that for the pitch and yaw components was less
than 0.01 degrees.

2.5.  Statistical analysis

The data are calculated for each fraction and are expressed
as the overall mean + standard deviation for all patients. The
Pearson correlation coefficient (r) was evaluated with a test of
no correlation; the 95% confidence level (p <0.05) was consid-
ered significant. The statistical analyses were performed using
EZR software (Saitama Medical Centre, Jichi Medical Univer-
sity, Saitama, Japan).*®

3. Results

The data for 32 treatment plans were analysed. As shown in
Table 2, the mean GTV and ITV values were 9.0 + 8.3 cm? and

11.6 +9.9 cm?, respectively. The overall mean motion ampli-
tude of the fiducial marker was 13.1+5.4mm in the radial
direction. The mean distances from the fiducial marker to
the tumour and to the spine alignment centre in the radial
direction were 15.6+15.2mm and 9.3+ 1.8 cm, respectively.
The mean of the ITV margin on the treatment plans was
4.1+23mm and was weakly correlated with the distance
between the fiducial marker and the tumour (r=0.35; p <0.05).
There were no significant correlations between the ITV mar-
gins and the GTV volumes or the marker motion amplitude.
The CT scans performed prior to the treatment did not reveal
any cases of gross migration of the fiducial markers. The over-
all mean measured migration was 1.5+0.7 mm, and the 95th
percentile was 2.7 mm. Furthermore, no fractions revealed any
visible patient movement, treatment interruption, or realign-
ment of the spine during beam delivery. The mean treatment
time per fraction was 32.3 + 8.4 min.

The histograms of the correlation model errors for
overall fractions, analysed for 128 fractions from 32
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Table 2 - Summary of treatment parameters.

Parameters Mean SD Range
GTV volume (cm?) 9.0 8.3 0.6-33.5
ITV volume (cm?) 116 9.9 1.2-38.1
Marker motion amplitude (mm)
SI 12.2 5.2 2.0-24.0
LR 1.5 1.0 0.0-4.4
AP 4.2 2.5 1.0-10.6
Radial 13.1 5.4 2.7-26.3
Marker-GTV distance (mm)
SI 4.9 5.7 0.0-25.2
LR 8.4 11.6 0.0-49.0
AP 8.9 115 0.0-41.4
Radial 15.6 15.2 0.0-55.4
Marker-XST centre distance (cm)
SI 0.5 0.6 0.0-2.2
LR 5.5 3.0 0.4-9.7
AP 6.2 3.6 0.5-12.0
Radial 9.3 1.8 5.3-12.4
ITV margin (mm) 4.1 2.3 0.5-9.1
Marker migration (mm) 15 0.7 0.2-3.3
Treatment time per fraction (min) 323 8.4 15-66

AP, anterior-posterior; GTV, gross tumour volume; ITV, inter-
nal target volume; LR, left-right; SD, standard deviation; SI,
superior-inferior; XST, Xsight Spine Tracking.

patients, are shown in Fig. 2. The mean correlation error
was 0.834+0.35mm, 0.364+0.18 mm, 0.44+0.18mm, and
1.03+£0.37 mm in the SI, LR, AP, and radial directions, respec-
tively. The correlation errors for the radial direction were
moderately correlated with treatment time (r=0.60; p<0.01),
as shown in Fig. 3. There were no significant correlations
between the errors and the marker motion amplitude or the

distance between the fiducial marker and the spine alignment
centre.

Intra-fractional spine rotation data obtained from 104 frac-
tions in 26 patients were analysed. Fig. 4 shows the histograms
of the spine rotational errors for each matrix. The overall mean
rotation errors were 0.27 +0.31°, 0.254+0.22°, and 0.23 +0.26°
for roll, pitch, and yaw, respectively. The rotational errors
for roll and yaw were found to be weakly correlated with
treatment time (r=0.23 and r =0.24, respectively; p <0.05). The
errors of these spine rotations on the target position were
estimated based on the position relative to the spine, fidu-
cial marker, and PTV. The 95th percentile error was 0.35 mm,
0.33mm, and 0.22mm in the roll, pitch, and yaw planes,
respectively.

4, Discussion

In this study, we assessed the global uncertainties of treatment
of liver tumours using a single fiducial-based CyberKnife Syn-
chrony system. To our knowledge, there have been no studies
documented in the literature focused on tracking of a single
fiducial marker. Therefore, our results provide valuable and
useful information regarding appropriate treatment margins
when using single fiducial tracking methods.

We evaluated the model correlation errors during treat-
ment of liver tumours using single fiducial-based tracking.
There have been some reports on correlation errors when
the CyberKnife Synchrony system is used to treat liver
tumours.'>?0?! Winter et al. investigated the correlation
errors in case of patients with liver cancer who had 1-6 fiducial
markers used for tracking. They showed that the overall mean
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Fig. 2 - Distribution of the mean correlation errors for the superior-inferior (SI), left-right (LR), anterior-posterior (AP), and

three-dimensional radial directions for 128 fractions.
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Fig. 3 - Correlation model errors as functions of the treatment time. The lines are obtained via the least squares fit method.
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error to be 1.7 + 1.1 mm in the radial direction.'? Our figure of
1.1+ 0.4mm, which is estimated from tracking of only a sin-
gle fiducial marker, is similar to that in their report. However,
a study by Chan et al.,, who investigated 24 patients with liver
metastases treated by CyberKnife Synchrony tracking using
more than 4 fiducial markers, found that the mean radial cor-
relation error was 0.4mm,’° which is considerably smaller
than the figure obtained in our study. Although differences
in system software versions, fiducial markers, and treatment
procedures used may have effect on the results of these stud-
ies, it seems likely that single fiducial tracking is more prone to
model error than multiple fiducial tracking. Moreover, there is
a significant relationship between the correlation model error
and the treatment time as determined through our study. This
finding is anticipated due to the fact that in the case of sin-
gle fiducial tracking only one marker is directly affected by
a change in respiratory motion during prolonged treatment
without rotation corrections. With regard to target motion
amplitude, the correlation errors had no significant relation-
ship with the marker motion amplitude. However, in contrast
with our results, Winter et al. reported that correlation errors
were weakly related to the target amplitude in multiple fidu-
cial tracking for liver cancer.'? The number of fiducial markers
used for tracking and analysis of the motion amplitude may
explain this discrepancy.

Our results of intra-fractional spine rotations concur with
those documented in previous reports that investigated intra-
fractional motion of the spine during spinal treatments.??%*
For example, Flirweger et al. analysed patient movement dur-
ing spinal treatment with a CyberKnife XST system and found
that the mean rotational errors were 0.4040.20°, 0.20 4+ 0.08°,
and 0.19+0.08° for roll, pitch, and yaw, respectively.?? The
errors for roll and yaw were weakly correlated with the treat-
ment time and indicated a trend of a slight increase in the
error value with increasing treatment time. This suggests that
the relatively long treatment time per fraction of CyberKnife
SBRT may increase intra-fractional rotation errors. Moreover,
our results agree with those reported by Hoogeman et al. who
demonstrated that the rotational random error occurring dur-
ing CyberKnife treatment was only slightly dependent on the
treatment time.?> They also recommended that the patient
position and orientation be checked at least every 5min
during the treatment to ensure high-precision treatment
delivery. Although only images before and after treatment
were evaluated in our study, it can be concluded that using the
XST system to acquire images at regular time intervals and
perform rotational spine realignments enables minimisation
of intra-fractional spine rotation errors for single fiducial
marker tracking. However, as a result of a discontinuous
operation of the Synchrony system and reconstruction of
respiratory correlation models longer treatment times are
experienced. We also found that the errors caused by spine
rotations on the target position were relatively small; the
95th percentile errors were less than 0.4 mm. Bertholet et al.
demonstrated that the marker-based set-up accuracy with
rotational correction based on bony anatomy was the same as
that without rotational correction.’ These results suggest that
the intra-fractional spine rotations observed using the single
fiducial tracking method had minimal impact on the total
targeting errors. It should be noted that spine realignments

are necessary for single marker tracking to confirm rotational
errors when patient movement is detected visually during
beam delivery.

The impact of rotation by breath motion on overall intra-
fractional rotational errors during liver treatment seems to be
more significant than that of spine rotation.?%?% Xu et al. eval-
uated tumour motion in the case of multiple fiducial markers
and demonstrated that the mean intra-fractional rotation of
the roll, pitch, and yaw angles was 1.2+1.8°, 1.8+2.4°, and
1.7 £2.1°, respectively.”’ Their data include rotational errors
other than those related to the spine, such as the liver and
tumour rotations caused by breath-related movement; there-
fore, their error values are somewhat larger than ours, which
only include the cause of the spine rotation. Additional ITV
margins are needed for single fiducial tracking to account
for tumour rotation and deformation by breath motion. Our
data show that the mean ITV margin size of 4.1 mm used for
single fiducial tracking was weakly correlated with the dis-
tance between the marker and the tumour. This indicates
that placement of the marker directly affects the margin size
in single fiducial tracking and is more crucial than when
using the multi-fiducial tracking method. Even when multi-
fiducial markers are used, an increasing distance between
the fiducial markers and the tumour reduces the accuracy
of a marker-guided set-up.™ Unlike with multi-fiducial track-
ing, the ITV margin used routinely for single fiducial marker
tracking in our clinical practice could not completely com-
pensate for the intra-fractional rotation errors caused by a
change in the breath motion pattern. Liang et al. reported
significant variability in intra-fractional liver motion ampli-
tude when performing SBRT using a CyberKnife in patients
with liver tumours.?® The main limitation of this study is that
the impact of variation in motion of the tumour and liver
on rotation errors was not assessed because only a single
marker was used. Further clinical studies are required to con-
firm the overall targeting accuracy of single fiducial tracking
methods.

Migration of the fiducial marker when using a single
marker tracking method should be carefully monitored. Re-
implantation must be considered in the case of fiducial
marker displacement before treatment, which delays treat-
ment. There are mixed reports in the literature regarding
migration of liver implanted fiducial markers; some reported
non-migration'®??, while others reported existing migration
of such markers through the vena cava.??>! Furthermore, even
if there is no gross migration, marker displacement in the
order of few millimetres has been reported.*>*? In this study,
we analysed CT images that were acquired immediately before
delivery of the first fraction of treatment and found the 95th
percentile of migration distance to be about 2.7 mm when
compared with the planning CT images. Although such small
displacements might include the CT uncertainties about the
errors introduced by the software and the reproducibility of
the marker position for respiratory motion,? they may lead
directly to targeting errors because tumour prediction is com-
pletely dependent on one fiducial marker.”> Therefore, this
uncertainty should be included in the PTV margin to account
for possible migration of the maker. Moreover, the manufac-
turer of the CyberKnife system has acknowledged that single
fiducial tracking increases the risk of beam mis-targeting.
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5. Conclusions

Single fiducial marker tracking for CyberKnife treatment
of the liver can be adequately used in the case of non-
availability of multi-fiducial markers. However, compared
with the multi-fiducial tracking method, additional safety
margins are required for this treatment. Our results show that
the mean CTV-ITV margin of 4.1 mm was used to account for
the overall uncertainties caused by respiratory motion. The
size of the ITV may be affected by the distance between the
fiducial marker and the tumour. The uncertainty of 3mm or
less is reflected for the final PTV margin to compensate for
migration of the marker and intra-fractional spine rotation.
The treatment time can be one of the crucial factors affecting
the target accuracy in case of single fiducial tracking. Careful
management of marker migration and variability in respira-
tory motion for each patient is essential during the treatment
period.
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