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Abstract

Purpose: Motion often hinders the safe delivery of ablative doses of radiation in the treatment of 

pancreatic tumors. Real-time tumor tracking methods are an emerging technique to increase the 

accuracy of delivery. In this study we report on a large, retrospective cohort of pancreatic patients 

treated with real-time, fiducial-based, kV image guidance of Stereotactic Body Radiotherapy 

(SBRT). The purpose of our study was to determine the impact of real-time tracking on treatment 

accuracy, tumor dose, and clinical workflow.

Methods: Real-time tracking data from 68 patients treated with pancreatic SBRT were analyzed. 

kV images orthogonal to the treatment beam were acquired in real-time during treatment to 

visualize the location of implanted fiducial markers. Positional corrections were made if the 

fiducial markers were observed >3 mm from the expected reference position. We recorded the 

frequency and nature of treatment interventions due to real-time tracking and derived a neural 

network-based dosimetric model to calculate the impact of these in-treatment interventions on 

target dose.

Results: Treatment pauses that required patient re-alignment due to real-time tumor tracking 

occurred during 32% of all fractions. The median magnitude of re-alignment shifts was 5.2 mm 

(range 2.1 – 18.9 mm). 45% of shifts resulted in dosimetric differences to the tumor; of these, the 

median point dose difference was 23% ± 22% of prescription dose (max 94%). The number of 

pauses per fraction was significantly higher in patients treated with respiratory gating (vs. 

abdominal compression) and in patients with greater treatment time.

Conclusions: Fiducial-based real-time target tracking is clinically feasible for pancreatic SBRT 

treatment. Our data indicate that real-time tumor tracking leads to patient re-alignment in 32% of 

cases and results in significant benefits to target coverage. The increased accuracy of real-time 

target tracking may potentially enable safe dose escalation in pancreatic SBRT.

I. INTRODUCTION

Stereotactic body radiation therapy (SBRT) is emerging as a promising treatment option for 

pancreatic tumors, especially in the treatment of locally advanced and/or borderline 

resectable disease (1, 2). Recent data has demonstrated that escalating dose to the pancreas 

can increase local control, but also increases the rate of gastro-intestinal toxicity (3). Given 
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the proximity of the pancreas to critical structures such as the duodenum and stomach, 

accurate delivery of focal ablative dose is paramount (4). However, the pancreas undergoes 

significant respiratory-induced motion which can decrease the accuracy of dose delivery (5).

The breathing-induced abdominal motion and the high delivery accuracy needed for SBRT 

requires motion management techniques to ensure safe treatment delivery. Traditional 

motion management approaches have involved the use of a 4-Dimensional Computed 

Tomography (4DCT). 4DCTs are used to assess the breathing-induced motion of the tumor 

(and surrounding organs) and aid with the motion management strategy during treatment. 

One can account for motion through the design of an Internal Target Volume (ITV) that 

encompasses the tumor range-of-motion (6–8). One can also reduce the amount of motion 

by either compressing the abdomen (2, 9) or gating the treatment beam during certain phase 

of the breathing cycle. However, these techniques often rely on data from 4DCTs, while 

recent studies have shown that due to the erratic motion of abdominal organs, a single 4DCT 

taken at simulation may not be adequate to describe the intrafraction motion of pancreatic 

tumors (10–15).

As a result of the inconsistent organ and tumor motion, using fiducial markers in conjunction 

with real-time image guidance has taken on an increased role in performing pancreas SBRT. 

Real-time intra-fraction target tracking has been developed to allow for direct measurement 

of the tumor location during treatment (10, 16–21). Tracking can be used in conjunction 

with other motion management techniques to identify periods of erratic breathing motion 

that can reduce the precision of the target localization during treatment. Fiducials are 

implanted in/around the tumor and, in addition to being used to help delineate the target, are 

used to align the patient for treatment and guide imaging throughout treatment to ensure that 

erratic motion has not caused the target to move out of the treatment volume (10, 12, 22–27).

As dose-escalated therapies become more commonplace in pancreatic SBRT, there is an 

even greater need for accurate delivery of dose through motion control. Since 2014, our 

institution has used in-treatment kV imaging for real-time target tracking of pancreatic 

tumors. The purpose of our study was to determine the clinical and dosimetric impact of 

real-time target tracking in pancreatic SBRT by answering three key clinical questions: what 

is the impact of real-time target tracking on 1) clinical workflow, 2) treatment accuracy, and 

3) tumor dose? To answer these questions, we retrospectively analyzed data collected during 

pancreatic SBRT with real-time target tracking. These clinical data were used in conjunction 

with an artificial neural network-based dosimetric model to calculate the impact of real-time 

target tracking on tumor dose.

II. METHODS

A. Patient population and treatment characteristics

68 pancreatic cancer patients treated with SBRT using a fiducial-based real-time target 

tracking system were used for the study. All data was collected under an IRB-approved 

protocol for retrospective data analysis. A summary of major clinical and treatment 

characteristics of these patients is given in Table 1. Roughly one week prior to simulation, 

fiducial markers were inserted in or near the tumor using an ultrasound-guided endoscopic 
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probe by an experienced gastrointestinal surgeon. These markers were cylindrically-shaped 

(length 5 mm, width 1 mm) and composed of gold (Civco Radiotherapy, Orange City, IA). 

The most frequent number of implanted fiducials was 2 (26%) or 3 (54%).

For simulation and treatment, two motion management strategies were used: abdominal 

compression and amplitude-based (28–31) respiratory gating. The decision of whether to use 

abdominal compression or respiratory gating was made by the radiation oncologist. In 

general, preference was given to respiratory gating over compression because prior work has 

shown that gating results in lower average motion for pancreatic SBRT (with an average 

superior-inferior range of motion of 5.5 mm vs8.5 mm for compression) (32). Compression 

was used in cases where the patient was considered a poor candidate for gating due to 

compliance.

Abdominal compression was accomplished using an indexed, inflatable compression belt 

(Aktina Medical, Congers, NY). Belt pressure settings were determined by inflating the belt 

until the patient began to feel pain or discomfort. For patients treated with abdominal 

compression, a free-breathing CT scan with compression was used for treatment planning. 

Gating was accomplished using the Varian RPM system, and was delivered in the end-exhale 

phase using amplitude-based gating. In patients treated with gating, an end-exhale breath-

hold CT was used for treatment planning. IV (iodine) and oral (barium) contrast were used 

to delineate nearby vessels and bowel, and a 4DCT was acquired to estimate tumor motion. 

The breath-hold and 4DCT was supervised using the Varian RPM system, and 4DCT images 

were sorted by phase. For patients managed with gating, patients received audio breathing 

instructions during the 4DCT where the frequency of the breathing period was pre-selected 

by the patient. All CTs were acquired with 3 mm slice thickness.

All treatment planning was done in Eclipse using Volumetric Arc Therapy (VMAT) (Varian 

Medical Systems, Palo Alto, CA). Gross tumor volumes (GTV) were drawn by the radiation 

oncologist on the planning CT, and expanded to create a Planning Target Volume (PTV). 

The GTV-to-PTV expansion margins were typically 3–5 mm, and were determined by the 

oncologist based on local anatomy. Our clinical workflow did not explicitly use an Internal 

Target Volume (ITV); motion was taken into account in the design of the PTV. The PTV 

contour was overlaid on the 4DCT, and compared against the observed range-of-motion. For 

patients managed with gating, the range-of-motion included the 30% to 70% phases of the 

4DCT (end-exhale phases); whereas for patients managed with compression this motion 

included all phases. If needed, the PTV was expanded further to encompass this range-of-

motion.

Prior to treatment, patient alignment was verified with fluoroscopy imaging (in the AP 

direction) and CBCT. For patients treated with abdominal compression, fluoroscopic images 

were acquired, and the fiducials aligned to the fiducial contours created during the planning 

process. A free-breathing CBCT was acquired and aligned to the planning CT using the 

fiducials as a guide. For patients treated with gating, patient alignment was first verified by 

fluoroscopic imaging taken during free breathing with the patient receiving the same audio 

coaching instruction that they received at simulation. Fluoroscopy also served to verify the 

appropriateness of the amplitude gating thresholds, since one can observe if the fiducials are 
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within the reference contours (defined in the following section) while the respiratory signal 

is within the gating thresholds (using the system’s built-in color-coding scheme). The 

therapists were instructed to manually stop the fluoroscopic images at end-exhalation and 

align the captured image to the fiducials contoured on the breath-hold simulation CT. 

Finally, an end-exhale breath-hold CBCT was acquired, and the fiducial markers were used 

for localization. Since the time to acquire the CBCT (35 seconds) was longer than the 

typical length of time that patients can hold their breath at end-exhale (15 seconds), the 

CBCT was acquired over multiple breath holds (typically 2) if needed. Fluoroscopic images 

were acquired prior to CBCT images because fluoroscopy provides a complete picture of the 

motion of the fiducials and allows one to perform a couch longitudinal shift that aligns the 

markers exactly with the end-exhale position. Some patients have difficulty performing end-

exhale breath hold, and this process allows one to detect if there are problems with the 

acquired CBCT.

B. Real-time target tracking workflow

Real-time tracking was implemented via kV imaging of implanted fiducial markers. In all 

cases, a reference position was determined that corresponded to the expected location of the 

fiducial markers. In patients treated with compression, the reference position was the 

location of the fiducial markers on the free-breathing planning CT. In patients treated with 

gating, the reference was the fiducial marker location on the 30% phase of the 4DCT. This 

difference is due to the fact that the real-time kV images are acquired at the beginning of the 

gating window (which is during the 30% phase). An expansion margin of 3 mm was added 

to all reference fiducial contours, which provides a 3 mm tolerance on the expected fiducial 

marker location.

Real-time target tracking was used to continuously verify patient alignment during 

treatment. This was accomplished using the Triggered Imaging capabilities of the Varian 

TrueBeam accelerator, which are described below. During MV treatment delivery, the 

system acquired kV planar images orthogonal to the treatment beam, and projected the 

contours of the fiducial markers onto the acquired images based on the angle of image 

acquisition. For each patient, the frequency and timing of image acquisition depended on the 

motion management strategy used. For abdominal compression, real-time kV images were 

taken every 20 degrees of the VMAT delivery. For gating, the kV images were acquired at 

the start of every gated ‘beam-on’ cycle. In both gating and compression, the time between 

real-time kV image acquisitions was approximately 5–6 seconds.

Two example real-time kV images are shown in Figure 1. The therapists were instructed to 

compare the fiducial marker locations in the acquired images against the reference fiducial 

contours. We prepared guidance materials and provided hands-on training to the therapists in 

order to accomplish this. If any of the markers were outside of the contours in 3 consecutive 

images, treatment was paused and adjustments were made. The nature of these adjustments 

are described below.
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C. Impact of real-time tracking

Real-time imaging interventions were intended to correct two major categories of error. The 

first category was factors that caused radiation to be delivered to the wrong place, such as 

patient motion, tumor displacement, or significant digestive/bowel motion affecting tumor 

position. In these cases, shifts were necessary to re-localize the target. The other category of 

errors, such as erratic breathing or baseline drift of the respiratory trace, caused radiation to 

be delivered at the wrong time. In the case of downward drift of the respiratory trace (which 

represents the position of the Varian RPM infrared marker block on the patient’s chest), the 

gating window becomes wider, and the beam turns on when the fiducial markers are inferior 

to their expected locations (vice versa in the case of upward drift) (29). If the fiducial 

markers were >3mm from the reference location in 3 consecutive images, treatment was 

halted. In cases where the patient’s breathing trace exhibited baseline drift, the amplitude 

gating threshold was adjusted. Otherwise, the last acquired real-time kV image was used to 

re-align the fiducial markers to the reference location. Based on the angle at which the real-

time kV image was acquired, the system translated this 2D image shift into a 3D couch shift. 

Note that, because images were acquired orthogonal to the treatment beam, errors in the 

direction of the treatment beam could not be detected or accounted for until later in the 

gantry rotation.

To characterize the effect of the real-time imaging system we quantified real-time treatment 

pauses. A real-time treatment pause (referred to as ‘treatment pause’ throughout the 

manuscript) was defined as any stop during treatment to either re-align the patient or to 

adjust the gating thresholds. In addition to number of treatment pauses, we characterized the 

magnitude of realignment shifts based on real-time imaging. The magnitude of these shifts 

was characterized in the anterior-posterior (AP), superior-inferior (SI), and left-right (LR) 

directions, as well as radially (total 3-D distance). These data were retrieved from the 

Record-and-Verify system (Aria, Varian Medical Systems).

The number of treatment pauses and magnitude of shifts were analyzed as a function of 

clinical and patient factors including motion management technique (compression versus 

gating), treatment time (defined as the time required to deliver all treatment fields in a 

session with no pauses or re-alignment shifts), number of implanted fiducials, PTV volume, 

and body mass index (BMI). The significance of observed differences in pauses and shifts 

was analyzed using multi-way Analysis of Variance (ANOVA).

D. Dosimetric analysis of patient alignment

We implemented an artificial neural network-based dosimetric model based on prior clinical 

pancreatic SBRT plans (33). This model draws on an existing database of clinical plans to 

predict the 3D dose distribution in the vicinity of the target. For each voxel within 5 cm of 

the PTV, the model used anatomical and geometric considerations (including distance to the 

PTV, PTV volume, and SI in-slice/out-of-slice location) to predict the dose distribution. A 

full description of the model is given in the Supplemental Methods. In essence, the model 

reduces the 3D dose distribution in the vicinity of the tumor to a curve that estimates the 

relationship between distance to the PTV and dose falloff. These data are shown in Figure 

S1. The model was used to calculate the dosimetric impact of a given real-time imaging shift 

Vinogradskiy et al. Page 5

Int J Radiat Oncol Biol Phys. Author manuscript; available in PMC 2019 June 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



by referencing the magnitude of the shift against these falloff curves (taking into account 

dose falloff in both the LR/AP and SI directions). The results of this analysis is an estimate 

of the minimum dose to the target during one fraction, assuming the entire fraction had been 

delivered at the uncorrected position.

To study the effect of both target margins and motion on dose, we simulated the dosimetric 

impact of motion observed in our study in scenarios where the PTV margins were varied 

from 0 mm to 5 mm. Our calculation assumes that a re-alignment shift whose magnitude is 

less than the value of the GTV-to-PTV margin will have no significant impact on dose to the 

GTV. Consider the case of a target with 5 mm margins; if this tumor experiences a shift of 

<5 mm, then dose will not be significantly impacted since the tumor still resides entirely 

within the PTV. Likewise, if there are zero PTV margins, any shift causes the tumor to 

experience the full dosimetric impact of that displacement.

III. RESULTS

For each patient we characterized the frequency of treatment pauses per fraction (pause 

rate). Data characterizing the number of treatment pauses is presented in Table 2. For the 

entire 68 patient cohort, the total number of treatment pauses was 268 which equates to an 

average of 3.9 treatment pauses per patient over the entire course of treatment and a pause 

rate of 0.81. 60% of the treatment pauses were due to having to adjust the gating thresholds 

and 40% were due to having to re-localize the target. The average time per pause was 1.9 1.8 

minutes; 5% of pauses were longer than 5 minutes ± and 1% were longer than 10 minutes. 

There was no significant difference in time per pause for gating adjustments vs re-

localization. The median treatment time was 8.1 min (range: 2.3 − 22.1 min). The pause rate 

was significantly higher in patients treated with gating (p<0.001) and for patients with 

greater treatment time (p=0.01). Figure 2 provides a box plot binning the pause rate 

according to treatments that are <200 seconds, 200 to 400 seconds, 400 to 600 seconds, and 

>600 seconds.

There were 107 treatment pauses (0.32 pauses per fraction) where patient re-alignment was 

triggered by the real-time target tracking system. A histogram of the shifts is shown in 

Figure 3. The median shifts for patient re-alignment were 0.8 mm (AP), 4.0 mm (SI), and 

1.2 mm (LR). The median radial (3D) shift was 5.2 mm. 41% of all patients had at least one 

shift throughout the course of treatment with magnitude >5 mm, and 16% of all fractions 

had at least one treatment pause that required an alignment >5 mm. Table 2 characterizes the 

magnitude of shifts with respect to patient and clinical factors. The magnitude of shifts was 

significantly higher in patients with greater treatment time (p=0.01).

The dosimetric effect of real-time imaging shifts was calculated using the derived dosimetric 

model (see Supplementary Material), and cumulative histograms of these data are shown in 

Fig 4. The data are shown in a similar manner as a dose-volume histogram; each point 

represents the probability of observing a shift with dosimetric impact less than or equal to 

the value along the x-axis. The data are shown for different theoretical values of PTV 

margin. In the 5 mm (clinical) scenario, 45% of shifts resulted in point dose differences 
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averaging 23% ± 22% of the prescription dose. However, 55% of observed shifts resulted in 

no noticeable target dose difference (y-intercept of 55%).

IV. DISCUSSION

As more institutions explore ablative dose schedules in pancreatic SBRT, it is imperative to 

understand the potential risks and benefits. Motion is a first-order driver of uncertainty, and 

there is significant need to characterize the benefit of different motion mitigation techniques. 

In this study, we characterized the impact of real-time target tracking on our clinical 

workflow, the potential gains in treatment accuracy, and the potential dosimetric benefits in 

target coverage.

4DCT is the most widely-used technique for understanding tumor motion, yet studies have 

demonstrated that a single 4DCT is not a reliable predictor of motion for pancreas SBRT 

(10–13). As a result of the inconsistent organ and tumor motion, using fiducials along with 

real-time image guidance has taken on an increased role in performing pancreas SBRT. Data 

is needed to provide guidance on practical implementation of real-time target tracking for 

abdominal SBRT treatments. We provide the first report, of a large, 68 patient cohort 

experience for patients treated with real-time target tracking on a conventional linear 

accelerator. The data presented in the current work characterizes the frequency of treatment 

pauses needed to re-optimize patient set-up, the magnitude of shifts required when re-

alignment is necessary, and the dosimetric impact of the real-time target tracking system.

Our pancreatic SBRT patients monitored with real-time target tracking experienced 

treatment pauses (either due to patient re-alignment or a gating threshold adjustment) at an 

average rate of 0.80 per fraction. In other words, treatment will have to be paused 

approximately four times every five fractions for each patient monitored with real-time 

target tracking. About 60% of the time, the treatment pauses were due to needing to adjust 

amplitude gating thresholds due to baseline drift of the respiratory trace and 40% were due 

to needing to re-align the patient. Since there is no need to adjust thresholds during 

treatment with compression, the number of treatment pauses required was significantly 

higher in patients treated with gating. We believe there are two possible reasons for the 

increase in pause rate as a function of treatment time, either 1) the probability of pauses is 

constant, and so longer treatment time translates to more pauses, or 2) the longer the patient 

remains on the table, the more likely their position and breathing will deviate from the initial 

setup. The dependence of treatment pauses on treatment time that our data presents is in line 

with previous work which demonstrated that the agreement between pre-treatment tumor 

motion measured with 4DCT and post-treatment tumor motion significantly decreases for 

treatments times > 7.5 minutes. (13).

Our data showed that real-time target tracking triggered a patient re-alignment event at a rate 

of 0.32 shifts per fraction. The re-alignment data presented in our study can be compared to 

previous work using similar real-time kV imaging technology to monitor prostate (18,19), 

and abdominal treatments (20, 21). Worm et al (21) reported SI shifts of > 3mm for 39.2% 

of all fractions and shifts > 5 mm for 11.3% of all fractions for 10 liver SBRT patients. 

Yorke et al (20) report SI displacements of > 5 mm for 7.6% of all fractions for 19 

Vinogradskiy et al. Page 7

Int J Radiat Oncol Biol Phys. Author manuscript; available in PMC 2019 June 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



abdominal SBRT patients treated with compression. Keall et al (18) report a ‘gating event’ 

(using a 3-mm/5-second criteria) for 14.5% of all fractions (19) for 6 prostate patients. The 

lower shift rates reported by Keall et al (19) are expected given that the prostate is thought to 

be a more stable target when compared to lesions treated in the abdomen. The shifts reported 

by Worm et al and Yorke et al (20) for liver SBRT patients are in line with our realignment 

rates of 45% and our > 5 mm re-alignments for 14% of all fractions. The rate of patient re-

alignment needed during treatment can be explained by the variability of tumor motion for 

abdominal SBRT treatments reported previously (12, 34, 35).

We found that making corrections to the tumor position based on real-time target tracking 

resulted in dosimetric benefits. We utilized a neural network-based dosimetric model to 

predict dose falloff in the tumor vicinity, and calculated the effect of tumor re-alignment on 

dose to the edges of the tumor. Based on dosimetric simulations (Fig. 4), 45% of shifts 

resulted in target coverage benefits; however, 55% of observed shifts resulted in no 

noticeable target dose difference. This result could potentially be interpreted two ways: 

either the fiducial distance criteria (3 mm) could be relaxed (and thereby reducing the 

frequency of shifts), or the treatment margins (5 mm) could be made smaller. In the 

hypothetical 2 mm scenario presented in Fig. 4, all shifts had clinical impact (y-intercept = 

0), and the data suggest that no dosimetrically beneficial shifts were missed (x-intercept =0). 

Further study is warranted to understand the interplay between these factors and to explore 

the potential for real-time imaging interventions to enable safe margin reduction or dose 

escalation.

It should be noted that our model does not account for several clinically relevant factors, and 

should be considered in context. Our model, in essence, calculates a standardized 3D dose 

distribution based on prior clinical data. The benefit of this approach is that the dosimetric 

impact of real-time imaging shifts can be computed using data for an “average” patient plan 

(and are not overly biased by shifts in a single patient whose plan may be more sensitive to 

motion). The model calculates changes in point dose at the edge of the tumor volume, 

normalized as a fraction of prescription dose. The true effect of this shift depends on how 

early in treatment the shift occurred, and how much dose would have been delivered in the 

absence of a corrective shift. In that sense, the point dose values presented by our model 

represent a worst-case scenario for decreases in minimum tumor dose due to target motion. 

Also, the effect is estimated for a single fraction, and it is possible that these errors would be 

averaged out by dose given during other fractions. It should also be noted that the model 

does not include dose to normal structures, and so many of the shifts that did not result in 

target dose changes may have resulted in significant changes to normal tissue dose (e.g. the 

duodenum). Knowledge of the changes in dose to normal tissue may impact the 

interpretation of Figure 4, and we feel that further study is warranted to understand the full 

dosimetric impact of real-time imaging shifts in pancreatic SBRT.

The procedure described in this work relies on the accuracy of fiducial markers as surrogates 

for tumor position, and errors could occur in the presence of tumor deformation or marker 

migration. Feng et al characterized the challenges in establishing reliable surrogates for 

pancreatic tumor position (15), and noted that deformation of pancreatic tumor borders does 

occur. However, we argue that the average size of these deformations is relatively small (1–2 

Vinogradskiy et al. Page 8

Int J Radiat Oncol Biol Phys. Author manuscript; available in PMC 2019 June 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



mm) compared to the other uncertainties present during pancreatic SBRT (such as motion). 

Studies by Choi et al and Sanders et al noted a spontaneous fidicial migration rate of 3–7% 

(36, 37), which agrees qualitatively with our experience. Clinically, we find that in cases 

with three or more fiducial markers, it is feasible to detect when one has migrated by 

comparing the relative positions of the markers to one another and looking for outliers. For 

this reason, we argue that it is critical to implant at least three markers for pancreatic SBRT 

(with four being the preferred number in case one marker migrates significantly before 

simulation).

V. CONCLUSIONS

In this study, we quantified the benefit of fiducial-based real-time target tracking to increase 

the accuracy of pancreatic SBRT. This dataset represents, to our knowledge, the largest 

experience treating these tumors with fiducial marker-guided in-treatment kV imaging. We 

found that, following initial alignment with CBCT, patients needed to be re-aligned in 

roughly 32% of treated fractions. Our data demonstrated that applying these re-alignment 

shifts resulted in dosimetric benefits via increased tumor coverage. The real-time target 

tracking workflow introduced practical hurdles into day-to-day operations, but there were no 

significant issues that hindered treatment.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIG. 1. 
Clinical real-time kV images. The expected fiducial marker locations (plus 3 mm margin) 

were projected onto the kV images acquired during treatment (orthogonal to the treatment 

beam). On the left, the markers are within the expected region, and treatment was allowed to 

proceed. On the right, the markers were outside of the expected area, and treatment was 

halted. The spinal column, ribs, abdominal gas, and biliary stents are also visible in these 

images.
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FIG. 2. 
Relationship between the number of pauses per treatment fraction (pause rate) and treatment 

time. The number of treatment pauses per fraction is significantly higher as the treatment 

time increases. In these box plots, the upper and lower lines represent the range of the data, 

the inner box gives the 25th–75th percentile, and the middle line denotes the median. P-

value thresholds of <0.05, <0.01, and <0.001 are denoted by *, **, and ***, respectively.
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FIG. 3. 
Histogram of the distance of shifts triggered by the real-time tumor tracking system. Values 

are shown in the in-plane (AP/LR) and SI directions. The average radial shift was 5.9 mm, 

and the primary component of these shifts was in the SI direction.
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FIG. 4. 
Cumulative histogram of the dosimetric effect of real-time imaging shifts. The dosimetric 

effect was estimated using the artificial neural network dosimetric model, and was calculated 

for PTV margins ranging from 0 – 5 mm. The data are shown in a similar manner as a dose-

volume histogram; each point represents the probability of observing a shift with dosimetric 

impact less than or equal to the value along the x-axis (displayed as a percentage of the 

prescription dose). For instance, in the 5 mm margin scenario, 55.5% of the observed shifts 

resulted in no significant point-dose differences (y-intercept of 55.5%). In the 0 mm margin 

scenario, each shift resulted in a point dose difference of at least 10% (x-intercept of 10%).
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TABLE I.

Clinical, treatment, and motion management parameters of the pancreatic SBRT study cohort. BMI = Body 

Mass Index, PTV = Planning Target Volume

Cohort Number

All Patients 68

 Gating 53 (78%)

 Compression 15 (22%)

Median Range

Dose per Fraction 660 cGy 500 – 900 cGy

Number of Fractions 5 3 – 5

Number of Fiducials 3 1 – 7

Treatment Time 485 s 137 – 1331 s

PTV Volume 41 cm3 16 – 349 cm3

BMI 23 17 – 40
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