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Purpose. To report the characteristics of pancreas motion as tracked using implanted fiducials during radiotherapy treatments
with CyberKnife. Methods and Materials. Twenty-nine patients with pancreas cancer treated using CyberKnife system were
retrospectively selected for this study. During the treatment, the deviation is examined every 3-4 nodes (∼45 s interval) and
compensated by the robot.The pancreas displacement calculated fromX-ray images acquired within the time interval between two
consecutive couchmotions constitute a data set.Results. A total of 498 data sets and 4302 time stamps of X-ray images were analyzed
in this study. The average duration for each data set is 634 s. The location of the pancreas becomes more dispersed as the time
elapses.The acquisition frequency depends on the prespecified movement distance threshold of pancreas. If the threshold between
two consecutive images is 1mm, the acquisition frequency should be less than 30 s, while if the threshold is 2mm, the acquisition
frequency can be around 1min. Conclusions. The pancreas target moves significantly and unpredictably during treatment. Effective
means of compensating the intrafractional movement is critical to ensure adequate dose coverage of the tumor target.

1. Introduction

Pancreatic cancer remains one of the most formidable chal-
lenges in oncology [1]. In 2013, the American Cancer Society
estimated that 45,220 new cases of pancreatic cancer in the
United States will develop and 38,460 deaths from the disease
will result [2].

The role of radiotherapy (RT) for pancreas cancer remains
hotly debated. Randomized prospective data using modern
RT techniques and dosing are needed. In locally advanced
pancreas cancer, recent evidence using modern RT tech-
niques and dosing suggests a continued role for RT [3].

With the technological advancements in image guidance
and dose delivery, several advanced radiotherapy technolo-
gies, such as stereotactic body radiotherapy (SBRT) and
stereotactic radio surgery (SRS), are being widely used for

cancer treatment as a noninvasive alternative to surgery.
These technologies are characterized by the delivery of a high
radiation dose to a small volume in a short time interval
with high accuracy as well as conformality [4]. Different from
the conventional radiotherapy, radiation dose is delivered in
fewer fractions and higher fractional dose in SBRT [5]. For
example, SBRT delivers 1 to 5 high-dose radiation fractions,
as opposed to conventional RT which delivers 25 to 28 low-
dose fractions.The rationale behind conventional fractionRT
is that delivering a lower dose of radiation per day minimizes
damage to normal tissues. Therefore, substantial amounts
of normal tissue can be included in the radiation field [3].
To deliver ablative doses to tumors with limited normal
tissue toxicity, these new techniques require high accuracy
in treatment setup which requires taking tumor motion into
account [5].
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Figure 1: Histogram of the time span of the studied data sets.

These techniques are being increasingly applied to pan-
creatic cancer, in part due to patient demand and marketing
[6]. A phase II trial of SBRT by Hoyer et al. used 30Gy in 3
fractions.This study demonstrated a local control rate of 57%
but unacceptable small bowel toxicity, with 18% of patients
experiencing severe gastrointestinalmucositis/ulceration and
4.5% experiencing gastric perforation [7]. In our institution,
CyberKnife system was capable of delivering therapeutic
radiation with minimal toxicity to tumors in patients with
locally advanced pancreatic cancer [8, 9].

The pancreas presents unique difficulties with regard to
performing these new technologies. While it is not itself
prone to damage from radiation, the pancreas is closely
applied to the curve of the duodenum. The duodenum is
the primary dose-limiting normal tissue. Delivery of even
moderate doses of radiation (more than 50Gy in 1.8–2Gy/day
fractions) to small bowel is associated with a high risk of late
stenosis, ulceration, bleeding, and perforation.The risk of late
bowel complications is substantially heightened by the use of
large fraction sizes. Tumors of the pancreas also move with
respiration and with peristalsis and are relatively difficult to
visualize on the computed-tomography scans typically used
for treatment planning [6].

To compensate for unquantified geometric uncertainties
in target volume position, generic margins are commonly
applied to the clinical target volume (CTV) to form a
planning target volume (PTV). Such a margin estimate
may or may not encompass the “current” extent of motion
exhibited by the pancreas. Previous studies have provided
some information regarding pancreatic/tumor movement
[10–22]. A number of techniques, such as real-time tracking,
have been developed for measuring set-up variations and
internal organ motions for individual patients from day-to-
day and during a fractional treatment [3, 23].

In our institute, by frequent tracking external mark-
ers and stereoscopic X-ray imaging of implanted fiducials,
the system provides an effective way to monitor the position
of the pancreas target during a treatment and adaptively

adjust the radiation beam [24–26]. The system correlates and
records the position of the center of the mass (COM) of the
implanted fiducials as estimated from each pair of stereo-
scopic images during treatment, thus providing a valuable
set of data for us to better understand the intrafractional
movement of the pancreas. In this study, we analyze 4302 time
stamps recorded by CyberKnife for 29 pancreas patients. The
study sheds useful insight into the feature of intrafractional
pancreas motion and recommends appropriate imaging fre-
quency to ensure adequate dose coverage of the tumor
target.

2. Methods and Materials

2.1. Ethics Approval. In this study we analysed 29 pancreas
cancer patients’ data in Stanford Cancer Center, which was
approved by the Institutional Review Boards of Stanford
University. Written informed consent was obtained for all
participants. These data could only be accessed by the
physicians and researchers in the center, to ensure participant
confidentiality.

2.2. Setting and Study Design. Accuray CyberKnife can track
using 4 modes: 6D skull tracking for brain, X-sight tracking
for spine, fiducial tracking for extracranial (such as prostate),
and Synchrony to account for respiratory motion (such as
lung and pancreas). X-sight uses the bony anatomy of the
spine to automatically locate and track tumors. Synchrony
continuously synchronizes beam delivery with the motion
of the target resulting from respiration, without the need to
interrupt the treatment or move the patient.

The patient setup and treatment delivery process in
CyberKnife is as follows [26]. First, orthogonal X-ray images
are acquired before treatment. The system determines the
absolute position of the target volume via image-to-DRR
(digital radiographic reconstruction) registration. The 3D
translation of the target from the planned position is cal-
culated. The deviation is corrected by manually moving the
treatment couch. The treatment starts if the computed shift
is less than a preset threshold, 10mm in general. During the
beam delivery X-ray images are acquired every 40 seconds.
The shift of tumor motion is monitored by using image
registration process of the treatment radiographs to DRR
constructed from the planning CT. If the calculated shift is
more than the given threshold, the treatment will be paused
and the manual couch movement is required until the shift is
below the limit. After patient treatment, a log-file containing
COM displacements of the fiducials in anterior/posterior
(AP), left/right (LR), and superior/inferior (SI) directions
is saved in the CyberKnife control computer and can be
readily used for the analysis of organmotion during the beam
delivery process.

Totally 29 pancreas cancer patients data are used for
the study. The pancreas movement is defined as the dis-
placement of COM of the fiducials from the planned
position. One fraction can have more than one data set,
because during the treatment, if the pancreas movement
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Figure 2: Patterns of pancreas movement: (a) stable positioning at baseline; (b) dropping down; (c) transient excursion; (d) persistent
excursion; (e) high-frequency excursions; (f) intermittent vibration; (g) radon movement; (h) and LR moving (red: SI direction; green: LR
direction; blue: AP direction; and black: length).
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is out of the hardware limitation, the patient is manually
repositioned.

3. Results

3.1. Duration of Data Sets. For the 29 patients, a total of
498 data sets and 4302 time stamps were recorded. For each
patient, the duration of each data set is an indicator of the
stability of the tumor target position. Figure 1 shows the
histogram of the duration of the 498 data sets. The x-axis
and y-axis represent the duration and the number of data
sets for a given time length, respectively. The time bin size is
200 s and the average duration of the 498 data sets is 634 s.
The shorter the duration is, the more “violent” the pancreas
moves.

3.2. Intrafractional Movement of the Pancreas Target. The
movement of the COM of the three implanted fiducials is
used as a surrogate of pancreas movement. This quantity
was recorded continuously over time and analyzed for the
498 data sets (on average, 17 data sets per patient). For
convenience, selections of observed motion behaviors are
shown in Figure 2. The x-axis represents the time stamp,
and the y-axis is the pancreas displacement. The red, green,
and blue lines represent the movement in SI, LR, and AP
directions, respectively. The black lines represent the total
displacement distance of the pancreas.

The pancreas movement patterns vary from stable posi-
tioning at baseline (Figure 2(a)), dropping down (Figure
2(b)), transient excursion (Figure 2(c)), persistent excursion
(Figure 2(d)), high-frequency excursions (Figure 2(e)), and
intermittent vibration (Figure 2(f)). Some patterns are simply
too irregular to categorize into any of the above classes
(Figure 2(g)). For most data sets, the major movement is
along SI direction, while in some cases the major movement
is along LR direction (Figure 2(h)).

It should be noted that, for a given patient, the above
classification of the pancreas movement pattern is somewhat
arbitrary and it may change from fraction to fraction or even
from data set to data set within the same treatment fraction.
High-frequency excursion is the most popular movement for
pancreas, because of the respiratory movement; that is why
the Synchrony respiratory tracking system is used in pancreas
positioning.

A useful way to present the pancreas motion data is
to show the histogram of the fiducial isocenter movement
distance in different directions. As seen in Figure 3, the
histogram of the deviation distance (length) is similar to
the histogram of SI. It is demonstrated that the major
movement of pancreas is along SI direction. Generally, the
shift distribution in LR direction is similar to that in AP
direction, and the amplitude is relatively small compared to
the SI direction.

An alternative way to present the data of Figure 3 is to
illustrate the histogram of the pancreas position as a function
of displacement and time as shown in Figure 4. Each color
represents a specific time segment. From these plots, it is also
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Figure 3: Histogram of the fiducial isocenter movement distance in
different directions.

clear that the movement in LR and AP direction is small; the
major movement is in SI direction.

4. Discussions

The effect of RT for pancreas cancer is not clearly defined by
the existing data. In both resected and unresected diseases,
further study is needed to define optimal radiation dose,
field size, and technique and to more closely assess the
effect of radiotherapy, not only on survival, but also on
local disease control and quality of life [3]. To support
increasingly conformal RT techniques that facilitate dose
escalation, quantification of pancreatic motion and patient
positioning is required.

Indeed, many studies have indicated that themargin used
for treatment is either too small for a significant fraction of
the pancreas patients, which seriously underdoses the target,
or too large for another large fraction of the patients. Solla
et al. present that the potential target underdosage may occur
due to respiration and small PTVmargin [27]. Several studies
have shown a survival advantage for higher dose levels [28–
33]. In this case, underdosage is not facilitated for overall
survival. Other detailed discussions can be seen in [34].

A robust strategy in locating the tumor target is necessary
to more accurately target the tumor, so that the radiation
dose to the pancreas can be escalated without damaging
the sensitive structures. Stereoscopic imaging of implanted
metallic fiducials is a useful way to locate the pancreas
target in nearly real-time fashion. A clinically important
question in stereoscopic image-guided pancreas treatment
is what the optimal imaging frequency that minimizes the
patient exposure while not missing any significant residual
movement of the pancreas during the beam-off interval of the
imaging X-ray is [35]. In reality, a few factors may influence
the selection of the sampling rate of the X-ray imaging,
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Figure 4: Histogram of the pancreas movement as a function of displacement and time.

which include the dose rate, patient specific characteristics,
and the fractionation scheme. A rule of thumb is that the
movement of pancreas within the interval of two consecutive
images should be less than a prespecified criterion, say 1 or
2mm. Due to the randomness of the pancreas movement,
this decision can be made based on the average displacement
of the pancreas over time. Figure 5 shows how to determine
the acquisition time for intrafractional motion of pancreas.
Figure 5(a) is the histogram of time cumulative distribution
for different movement distances. The average time for
1.0mm motion is 30 s. Using the 498 data sets, we also

computed the average time duration for the pancreas against
moving distance as shown in Figure 5(b). The data for each
movement threshold in Figure 5(a) and the mean sample
interval is determined from 0.707 of the total data sets. For
instance, the total data sets for 2mm movement threshold
are 478, so that the mean sample interval is about 60 s
corresponding to 338 (0.707∗478) data sets. It can be seen
that the acquisition frequency depends on the prespecified
movement distance threshold of pancreas. If the threshold
between two consecutive images is 1mm, the acquisition
frequency should be less than 30 s, while if the threshold is
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Figure 5:Determination of acquisition time for intrafractionalmotion of pancreas. (a)Histogramof time cumulative distribution for different
movement distances; (b) average time duration against displacement threshold.

2mm, the acquisition frequency can be around 1min. It is also
noticed that the acquisition frequency is proportional to the
prespecified movement distance threshold.

There are several drawbacks associated with fiducial
based image-guided pancreas radiation therapy. Other than
the fact that it involves an invasive procedure of fiducial
implantation, the fiducial tracking used in CyberKnife is
limited to “rigid” tumors. In reality, tracking the motion
of various involved sensitive structures represents the other
side of the “coin” and is also of critical importance to the
success of image-guided radiation therapy (IGRT) [36, 37].
After all, it is the adjacent sensitive structures that limit the
dose deliverable to the target. Therefore, knowing the spatial
location and geometric shapes of the sensitive structures is
critical for us to customize the dose distribution to maximize
the dose to the target while sparing the adjacent sensitive
structures. On a fundamental level, the motion of pancreas
target is often caused by the motion or physiological change
of the sensitive structures.

5. Conclusions

Intrafractional organ motion has long been recognized as
one of the major limiting factors of pancreas dose escalation
in conformal radiation therapy. A detailed knowledge of
pancreas motion would help to understand the nature and
degree of the adverse influence of the uncertainty and provide
guidance in dealing with the issue. In this work, we have
studied the intrafractional pancreas motion of 29 pancreas
cancer patients. The study emphasizes the importance of
real-time imaging during pancreas radiation therapy. Given
the magnitude and random nature of pancreas motion as

well as the recent technical advancements in various related
fields, real-timemonitoring of pancreas position to adaptively
compensate the motion should be part of future pancreas
radiation therapy to ensure adequate dose coverage of the
pancreas target while maintaining an adequate sparing of the
sensitive structures.
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