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Abstract 

Probabilistic planning is an evolving approach for tumor motion management in 

which reproducibility of probability distribution function (PDF) of tumor motion is 

critical yet unclear. Aim of the first study is to evaluate the reproducibility of tumor 

motion PDF in stereotactic body radiation therapy (SBRT) using cine megavoltage (MV) 

images. External surrogate is used clinically in 4DCT imaging and radiation treatments 

for respiratory motion monitoring. However, studies have shown questionable 

correlation between external surrogate motion and internal tumor motion. Thus, Aim of 

the second study is to evaluate the correlation of external surrogate motion and internal 

tumor motion from a statistical point of view.  

20 lung cancer patients who underwent SBRT treatment using 3D conformal 

technique were included in our study. During simulation, 4DCT scan assisted with RPM 

system was done. Cine MV images acquired during treatments were collected to extract 

tumor motion trajectories.  For each patient, tumor motion PDFn was generated using 3 

“usable” beams for each fraction.  Patients without at least 3 “usable” beams were 

excluded.  PDFn reproducibility (Rn) was calculated using the Dice Coefficient between 

PDFn to a “ground-truth” PDF (PDFg).  The mean of Rn (Rm) was calculated for each 

patient and correlated to mean tumor motion rang (Am).  Change of Rm during the 

course of SBRT treatments was also evaluated.   
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Thirteen patients were kept for further analysis. The tumor motion PDF during 

the treatments can be determined using cine MV images.  The reproducibility of lung 

tumor motion PDF decreased exponentially as the tumor motion range increased and 

also decreased slightly throughout the course of treatments.  

For each of thirteen patients, tumor motion range, tumor motion “ground-truth” 

PDFg (PDFMV), and tumor motion variability VMV were calculated using the cine-MV 

images. Similarly, surrogate motion range (RMV), surrogate PDF (PDFRPM), and surrogate 

variability (VRPM) were calculated using motion trajectory of the reflective marker. 

Correlation between RMV and RRPM, and between VMV and VRPM, and between similarity of 

PDFMV and PDFRPM and RMV were determined. 

No correlations were found in motion range and variability between the external 

surrogate (RPM) and the internal lung tumor motion. High PDF similarity, with a mean 

(±standard deviation) of 0.83(±0.1) was found between RPM and internal lung tumor 

motion, but no correlation exists between this PDF similarity and tumor motion range. 
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1. Introduction  

1.1 Stereotactic body radiation therapy 

Stereotactic body radiation therapy (SBRT) is an emerging radiotherapy 

technique for treating early-stage non-small cell lung cancers (NSCLC) or 

oligometastatic lesions to the lung [1, 2].  It requires a highly conformal dose distribution 

including a steep dose gradient outside the target volume. Therefore, accurate target 

definition and motion management is crucial in SBRT.  However, Respiratory motion 

poses a great challenge for precise tumor localization and dose delivery in lung SBRT.  

Therefore, we need to analyze the tumor motion during treatment and advance methods 

for tumor motion management. 

1.2 Tumor Motion Management 

Various strategies have been developed for managing tumor respiratory motion 

[3-5].  The traditional strategy of adding a large safety margin (1-2 cm) [3] often results 

in sub-optimal normal tissue sparing leading to high probability of complications.  

Respiratory-gating techniques allows for activating the radiation beam only in a preset 

gating window, which reduces the safety margin but elongates the treatment, potentially 

reducing the efficiency of tumor control due to increased intra-fraction repair of sub-
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lethal damage [4].  Breath-hold technique can reduce the safety margin and does not 

significantly increase treatment time, but it is not suitable for all patients, especially for 

those who have poor pulmonary functions [5].  

1.3 Probability Based Treatment Planning 

            

Figure 1: Probability based treatment planning scheme. Left: moving tumor 

in    the image; right: dose distribution map.  

Probability based treatment planning is an evolving approach for tumor motion 

management.  In this approach, the radiation dose is weighted by the probability of the 

tumor at a specific location.  A number of authors have explored this approach [6-8].  A 

thorough review of the different variations of this approach can be found in Ref. 6 and 

will not be repeated here.  In general, there is a consensus that this approach can achieve 
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considerable improvement in reducing the normal lung tissue toxicity, providing the 

opportunity of tumor dose escalation without increasing the complexity of treatment 

substantially.  A major hurdle of implementing this approach is that the dosimetric error 

is tightly linked to the reproducibility of the tumor motion probability density function 

(PDF) [9].  Previous studies [10, 11] showed that the lung motion PDF is not only 

affected by random factors from changes in patient physiology but also by the imaging 

technique itself, specifically the scanning time and imaging frame rate.  Tumor motion 

PDF measured using a few breathing cycles can be different from the average stable 

PDF.  An extended scan time combined with high imaging temporal resolution most 

likely increases the accuracy and reproducibility of lung motion PDF.  Therefore, 

probability-based treatment planning is more suitable for treatments with long beam on 

time such as lung SBRT.   

1.4 Measurement of Tumor Motion during Treatment  

Previous studies used dynamic magnetic resonance imaging (dMRI) to acquire 

tumor motion images, which can only be performed off-line, either pre-treatment or 

post-treatment.  It remains unclear if the tumor motion PDF is reproduced during the 

treatment.  This has not been investigated probably owing to the difficulty in acquiring 
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tumor motion images with high temporal resolution and sufficient imaging time during 

the treatments.  It has been shown that real-time tumor motion during radiation therapy 

can be quantified using x-ray fluoroscopy with or without the aid of implanted markers 

[12, 13].  These earlier data have been used to compute lung tumor motion PDF in many 

later studies.  Recently, a number of studies have shown the feasibility of using cine 

megavoltage (MV) images that are acquired during the treatment to evaluate internal 

tumor motions [14, 15].  Cine MV images are acquired using electronic portal imaging 

devices (EPID) from exiting treatment beams and provide a beams-eye view of the 

internal lung tumor motion in two dimensions.  It has been used to study the 

discrepancies in tumor location before and during respiration-gated treatment delivery 

[14], and to compare the superior-inferior (SI) tumor motions during the treatments 

which were determined using cine MV images to that before the treatments which were 

determined using planning four-dimensional computed tomography (4D-CT) images 

[15].   

1.5 Correlation between External Surrogate Motion and Internal 
Tumor Motion  

Quantification of tumor motion has been has been extensively studied using a 

variety of techniques [16-20], which can be generally categorized into two types. One is 
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direct measurement of tumor respiratory motion. This has been done using x-ray 

fluoroscopy with and without the aid of implanted fiducial markers, cine MRI, cine 

mega-voltage (MV) portal images, etc. The other is measurement of changes of 

respiratory surrogates, such as diaphragm displacement, abdomen displacement, lung 

air volume, etc.  At present, the use of direct measurement of tumor motion in RT has 

been limited since it often involves invasive procedure to implant markers or relies on 

techniques that can not be performed during treatment.  Using respiratory surrogate 

therefore remains a very common alternative for motion management in RT.   

An essential part of respiratory surrogate is its correlation with the target motion.  

The most commonly used external surrogate is the real-time position management 

(RPM) system. The correlation between RPM marker motion and internal tumor motion 

has been investigated by many studies, yet no consensus has been reached. Studies have 

shown that internal-external motion in SI direction have good correlation with small 

phase shifts [21, 22] and amplitude differences [23]. The amount of phase shift is patient 

specific, and it also changes with breathing pattern for individual patient [24]. Sudden 

changes in breathing pattern lead to same fluctuation pattern of skin and tumor motion 

[25]. Strength of correlation is affected by the location of the marker [26] and tumor [25], 
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and breathing patterns[27]. Study also suggests that multiple surrogates must be used to 

compensate the incomplete correlation between internal tumor and a skin motion 

surrogate [28]. However, these studies are only based on several waveforms of dynamic 

tumor and external surrogate data got in each fraction for individual patient. To be 

clinical useful, this correlation should be extended so as to evaluate the correlation 

between external surrogate motion data obtained from treatment simulation procedure 

and the tumor motion from the treatment courses afterward. However, the inter-fraction 

variation of breath creates the difficulty to do this. 

No study has been conducted to evaluate the correlation of statistical parameters 

between the RPM and tumor motion. These parameters include mean motion range, 

variation, probability density distribution function (PDF). They are essential breathing 

characteristics of the patients’ and have important clinical indications and applications.  

For example, it has been shown that breathing variation significantly affects the sorting 

accuracy of 4DCT [29], the accuracy of tumor internal target volume (ITV) [30], and 

effectiveness of tumor motion PDF based treatment planning [9].  Since it is practically 

difficult to measure tumor motion for a long time to determine tumor motion variation, 

can we use RPM variation to represent tumor motion variation? PDF based treatment 
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planning does not require exact tumor position at each time, and only need internal 

tumor displacement information in statistics view. During simulation procedure, the 

RPM incorporating with cine computer tomography produces the four dimensional 

computed tomography (4DCT) [31]. In the view of PDF, can RPM PDF represent tumor 

motion PDF?  In general: does RPM motion amplitude correlate with tumor motion 

range? 

1.6 Specific Aims 

Aim 1: To evaluate the reproducibility of tumor motion PDF using cine MV 

images that are acquired during SBRT treatments of lung cancer.  Findings of this study 

can provide vital information as part of the initial validation process of probability-

based treatment planning for SBRT of lung cancer. 

Aim 2: To evaluate the correlation of external surrogate motion and internal 

tumor motion from a statistical point of view. Finding of this study will provide useful 

information about whether statistical parameters derived from RPM prior to treatment 

reflect the statistical features of tumor motion during treatment.     
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2. Methods and Materials 

2.1 Data Acquisition 

2.1.1 Simulation 

             

Figure 2: RPM system. Left: Infra-red reflective marker block attached on 

the patient’s abdomen and served as external surrogate; Right: Charge couple 

device (CCD) camera. 

Twenty lung cancer patients (10 female, 10 male, mean age 73.4) who had SBRT 

treatments in our institution were included in this study.  All patients underwent 3D 

helical scan and 4DCT scan on a GE four-detector CT scanner (Lightspeed Plus 4, GE 

Healthcare, Waukesha, WI), along with the RPM system (Varian Medical System, Palo 

Alta, CA) and Advantage4D software (GE Healthcare, Milwaukee, WI). 

The RPM box with two reflective markers was placed on the patient’s anterior 

abdominal surface to monitor patients’ breathing at a frequency of 30 frames/s (Figure 

2).  All patients were imaged in an immobilization device in head-first-supine and arms 
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up position. No breath instruction was given to the patients during the scans.  One 

blocker with two infrared markers was affixed on patient’s anterior abdominal surface. 

The infrared light emitted from the illuminator, is reflected by the infrared markers on 

the patient’s surface. This reflected infrared light is detected by the charge coupled video 

camera to generate the breathing trajectory.  

The cine-CT images are sorted using the RPM data into 10 bins to generate the 

4DCT images (Figure 3). Then, maximum intensity projection (MIP) images were 

generated from 4D-CT and were imported, along with the 3D helical CT images, to the 

treatment planning system (Eclipse, Varian Medical System, Palo Alta, CA) for 

contouring and planning.  

2.1.2 Treatment planning 

Gross tumor volume (GTV) was contoured on both the MIP and the 3D helical 

scan and then was combined to generate the internal target volume (ITV).  PTV was 

generated by expanding ITV by 5 mm isotropically.  All plans were created using 3D 

conformal technique with 6-11 co-planar beams and wedges if needed.  Analytical 

Anisotropy Algorithm (AAA) with heterogeneity correction was used for dose 



 

 

 

 10

calculation, which was carried out on the 3D helical scan.  The dose was prescribed such 

that 100% of the dose covered at least 95% of the PTV and 100% of the ITV.   

2.1.3 Treatment procedure 

SBRT treatments were performed on a Novalis Tx machine (Varian Medical 

System, Palo Alta, CA) which is equipped with kilo-Voltage On-board Imaging (OBI), 

cone beam CT (CBCT), and MV EPID.  Prior to the treatment, patients were positioned 

using lasers, kV OBI, and CBCT.  The tumor position was then verified by kV 

fluoroscopic right before the treatment and by cine-MV images during the treatment.  

Frame rate of cine MV was set to 1 frame/s for clinic use.  Beam-on time per beam 

ranged from about 30 seconds to 80 seconds, depending upon the prescription dose and 

whether wedges were used.     
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2.2 Data Analysis 

2.2.1 Tracking tumor motion in cine-MV images 

 

Figure 3: The tumor tracking Matlab GUI. The figure on the upper left side 

is one of MV images; figure on the upper right side is the tumor motion trajectories 

in horizontal and vertical directions. 

Cine MV images were retrospectively collected and analyzed using an in-house 

developed MATLAB (The MathWorks Inc., Natick, MA) program (Figure 3).  The first 

step was to extract tumor motion trajectories from the cine MV images using a motion 

tracking algorithm.  To do this, a rectangular region of interest (ROI) that encompasses 
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the entire tumor was manually selected in the first frame of a series of cine-MV images 

to serve as the image template for matching.  Automatic motion tracking was achieved 

by searching for the maximal cross-correlative region to the image template in the 

following frames.  To visually inspect the tracking results, a contour of the tumor was 

also created in the first frame of the cine MV images and moved based on the shifts 

determined by the automatic tracking algorithm in the following frames.  If apparent 

discrepancy were observed between the contour motion and the true tumor motion, the 

tracking results were considered inaccurate and were discarded.  If no discrepancy were 

found, the beam was considered as “usable” and the tracking results were kept for 

further analysis.  To evaluate the tracking accuracy for the usable beams, we randomly 

chose 10 patients and manually measured the tumor motions in one of the usable beams 

for each of the patients.  The manually measured motion trajectories were then 

compared to those determined automatically using the motion tracking algorithm.  

Absolute differences in motion amplitude between the two methods were calculated.  It 

should be noted that not all beams are usable (15).  Tumor conspicuity in the cine MV 

images varies greatly between beams, depending upon multiple factors including tumor 

location, tumor size, beam angle, etc.   
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2.2.2 Tumor motion PDF generation 

 

 

Figure 4: Illustration of the determination of fractional PDF (PDFn) and 

ground truth PDFg using tumor motion trajectories extracted from the cine MV 

images. In this illustration there are N beams and n treatment fractions.  “Usable” 

beams #1, #3 and #4 were used to generate PDFn and PDFg. 

Figure 4 illustrates the generation of tumor motion PDFs and the determination 

of PDF reproducibility.  Although both vertical and horizontal tumor motions were 

tracked, only the vertical (i.e., the SI) tumor motions were analyzed for the PDF 

reproducibility study.  Prior to the PDF generation, mean displacements of the motion 

trajectories were set to zero, assuming the mean tumor position remains unchanged 
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between treatment fractions.  Note that the tumor motion PDF was generated per 

treatment fraction, labeled as PDFn, where n is the index of fraction.  When generating 

the PDFn, we used only three usable beams of which the tracking results were relatively 

better than others based on the visual inspection.  Based on our previous studies (10, 11), 

tumor motion PDF evolves as the imaging time increases and reaches a relatively stable 

state after certain time.  Although the evolving time varies between different subjects, it 

is generally around 120-150 seconds, which is approximately the total beam-on time of 

three beams in a SBRT treatment.  Typically, the same three beams were used for the 

PDF calculation for all fractions.  In case the cine MV images of the selected beams were 

not successfully saved due to technical issues, different usable beam(s) were selected for 

PDF calculation.  

2.2.3 Tumor motion PDF reproducibility  

 To determine PDF reproducibility, a “ground-truth” PDF (PDFg) was firstly 

generated for each patient using all the selected beams of all fractions (Figure 1).  The 

fractional PDF reproducibility, Rn, was then calculated by calculating the Dice’s 

Similarity Coefficient between PDFn and PDFg using the following equation:  
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Rn is between 0 and 1, with 1 indicating a perfect reproducibility.  The dosimetric 

impact of PDF reproducibility has been previously investigated (9). It was shown that 

the dosimetric error of GTV increases nearly exponentially as the PDF reproducibility 

decreases. 

The mean of Rn, labeled as Rm, was then calculated for each patient as the 

patient’s overall PDF reproducibility.  Inter-subject and intra-subject coefficients of 

variance (CV) for Rm were also determined.  In addition, the mean tumor motion range, 

Am, was determined for each patient and correlated to Rm. Am was calculated as the mean 

of the tumor motion ranges determined using the cine MV images of all the beams in all 

fractions.   

2.2.4 Similarity of external surrogate motion PDF and internal tumor 
motion PDF 

       RPM signals, sorted 4DCT images, and cine MV images of all patients were 

retrospectively collected and analyzed using an in-house developed MATLAB (The 

MathWorks Inc., Natick, MA) program.  The PDF of the RPM signal (PDFRPM) was firstly 

determined by generating a histogram with a bin size of  1mm and 0.1 mm respectively, 
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and then removing the RPM data with very low probabilities (<0.5%) since they are 

practically insignificant and typically correspond to non-statistical features of the 

breathing such as sudden movement.  Motion range of the RPM signal (RRPM) was then 

determined from the PDFRPM as the difference between the maximum and minimum 

displacements of the RPM signal.  Breathing variability of the RPM signal (VRPM) was the 

ratio of the sum of the peaks and valleys standard deviation (SD) to the mean of the 

RPM signal.   

  The SI tumor motion range in 4DCT (R4DCT) was determined from the sagittal 4DCT 

images as the difference between the maximum and minimum displacements.  Sagittal 

images were used to avoid the through-plane motion in the AP direction.  Since 4DCT 

has only one breathing cycle, breathing variability and PDF were not be calculated.  

  Tumor motion tracking was performed for each series of cine MV, which was 

acquired for each beam in each fraction.  Tumor motion trajectories were obtained for 

the series where tumor is discernible.   Only the best 3 tracking results from each fraction 

were used for further analysis.  

  PDFMV was generated for each patient using the tumor motion trajectories extracted 

from all usable cine MV series.  Prior to the PDF generation, mean displacements of the 
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motion trajectories were set to be zero, assuming the mean tumor position remains 

unchanged between treatment fractions.  Although both vertical and horizontal tumor 

motions were tracked, only the vertical (i.e., the SI) tumor motions were analyzed for the 

PDF reproducibility study.  PDFMV was generated with a bin size of 1 mm. Similar to the 

process of PDFRPM, the PDF data with low probability (<0.5%) was removed.  An overall 

tumor motion range for the cine MV images (RMV) was then determined from the PDFMV 

as the difference between the maximum and minimum tumor displacements.  Tumor 

motion variability based the cine MC images (VMV) was calculated as the ratio of the sum 

of peaks and valleys standard deviation (SD) to the mean tumor motion range.  Motion 

variability for each beam can be calculated. The average of all “tractable” beam 

variability is represented by VT for the specific patient.  

Correlations between RRPM and RMV, R4DCT and RMV, and VRPM and VMV were 

determined. PDFRPM and PDFMV were compared. Due to difference of external surrogate 

motion range and the internal tumor motion range, the PDFS was scaled using the 

internal tumor motion range. After scaling, the PDF similarity S between internal tumor 

PDFMV and external surrogate PDFRPM was evaluated using Dice’s Coefficient formula:  
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S is between 0 and 1, with 1 indicating a perfect match.  The similarity was 

calculated for each patient. The relationship of PDF similarity S and tumor motion range 

was explored.  

2.2.5 Motion variability  

The variability for each motion trajectory was calculated using the formula 

bellow: 

 

where  and  are the standard deviation of the motion trajectory peak and 

valley respectively.   is the mean motion range which is distance of peak to nearest 

valley in each motion trajectory.  

Based on this formula and motion trajectory, the motion variability for each beam 

can be calculated. The average of all usable beam variability is represented by VMV for 

the specific patient. Likewise, patient specific external surrogate motion variability is 

also calculated and noted as VRPM. 
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3. Results 

3.1 Tumor Motion PDF Reproducibility  

3.1.1 Verification of tumor tracking algorithm 

 

Figure 5: Tracking algorithm verification. (a) Ten continuous frames of cine 

MV images of one “usable” beam. (b) Comparison of tumor motion trajectories 

determined manually and automatically using the motion tracking algorithm. 

Figure 5 shows an example of the cine MV images (only part of the series) for a 

lung tumor in a usable beam, and the comparison in the corresponding SI tumor motion 

trajectories between the manual method and automatic method using the tracking 
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algorithm.  On average of the 10 tested beams, the mean (±SD) absolute difference in 

motion amplitude between the two methods is 0.81 (±0.47) mm.   

3.1.2 Tumor motion trajectories 

A total of 599 series of cine MV images were collected and analyzed for the 20 

patients. Tumor motion was “usable” in 309 series (51.6%).  Only thirteen patients 

(65.0%) who had at least 3 “usable” beams in all fractions were included in the PDF 

reproducibility study.  For these 13 patients, a total of 429 series of cine MV images were 

collected, among which 279 series (65.0%) were tumor motion ‘‘usable”. The mean (±SD) 

total beam-on time of the 3 beams that were used for fractional PDF calculation was 

116.9 (±36.8) s.  Table 1 summarizes the characteristics and the measurements of these 

patients.  The mean GTV is 11.3 cm3 (range: 2.6 - 30.9 cm3).  The mean of Rm was 0.87 

(range: 0.84-0.95).  The mean of Am was 3.2 mm (range: 0.5 - 7.8 mm).  Inter-subject CV of 

Rm (0.05) was comparable to intra-subject CV of Rm (range: 0.02 - 0.09), and inter-subject 

CV of Am (0.73) was significantly greater than intra-subject CV of Am (range: 0.09 - 0.24). 
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Table 1: Summary of patients' characteristics and measurements for PDF 

reproducibility evaluation. 

 

Abbreviations: MR: middle right lung lobe; LR: lower right lung lobe; UL: upper left 

lung lobe; ML: middle left lung lobe; UR: upper right lung lobe; LL: lower left lung lobe; 

Rm: patient-specific mean tumor motion PDF reproducibility; Am: mean tumor motion 

range; SD: standard deviation; CV: Coefficient of Variance. 
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Figure 6: Example patient’s tumor motion trajectories. Superior-inferior 

tumor motion trajectories extracted from the cine-MV images of the same beam in 

5 treatment fractions. 

Figure 6 shows am example of the SI tumor motion trajectories extracted from 

the cine MV images for a single beam in five fractions, which clearly demonstrated the 

large intra-fractional and inter-fractional breathing variations.  Nevertheless, similarities 

can be found among these motion trajectories, such as in the breathing period (mean: 4.2 

s; range: 4.0 to 4.3 s;) and in the mean motion range (mean: 7.6 mm; range: 7.2 to 8.4 

mm).  
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3.1.3 Tumor motion PDF reproducibility 
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Figure 7: Example patient’s tumor motion PDF. The “ground-truth” tumor 

motion PDF (a) and the PDFs of each fraction (b-f) for a representative patient. 

Figure 7 shows an example of the tumor motion PDFs for a single patient.  It can 

be seen that although the tumor motion PDFs varied between the treatment fractions, 

they maintained an overall similar shape: all PDFs have a higher but narrower peak near 

the end-of-exhalation phase and a lower but broader peak near the end-of-inhalation 

phase.   

3.1.4 Correlation of tumor motion PDF reproducibility and mean 
tumor motion range 
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Figure 8: Reproducibility of lung tumor motion PDF( Rm) as a function of 

mean tumor motion range (Am). Each data point represents one patient.  Intra-

subject standard deviations of Rn are plotted as error bars. 

The PDF reproducibility was found to decrease as the tumor motion range 

increases, as shown in Figure 8.  The relationship was between Rm and Am was best fitted 

by:  

Rm=0.17e-0.9Am+0.84                                 [4]         

When tumor motion is close to 0, the PDF reproducibility is close to 1.  When 

tumor motion increases, the PDF reproducibility decreases exponentially, but stabilizes 

at 0.84 when the tumor motion is greater than 6 mm.   



 

 

 

 26

3.1.5 Correlation of tumor motion PDF reproducibility and treatment 
fraction 

 

Figure 9: Reproducibility of lung tumor motion PDF( Rm) as a fucntion of 

treatement fraction.  Inter-subject standard deviations of Rm are plotted as error 

bars. 

The PDF reproducibility was also found to decrease slightly throughout the 

course of treatments, as shown in Figure 9.  On average, the PDF reproducibility 

decreased from 0.89 in the first treatment fraction to 0.85 in the fourth treatment fraction. 
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3.2 Correlation between External Respiration Surrogate Motion 
and Internal Tumor Motion 

Thirteen lung cancer patients (7 female, 6 male, mean age 70.0) who had SBRT 

treatments in our institution were included in this study.  Table 2. summarizes the 

characteristics of the patients. 

Table 2. The characteristics of the patients for correlation evaluation. 

 

Abbreviations: MR: middle right lung lobe; LR: lower right lung lobe; UL: upper left lung lobe; 

ML: middle left lung lobe; UR: upper right lung lobe; LL: lower left lung lobe. 
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3.2.1 Tumor motion and RPM motion trajectories 

 

Figure 10: Example patient’s tumor motion trajectories. Superior-inferior 

tumor motion trajectories extracted from the cine-MV images of the same beam in 

5 treatment fractions, where fraction 1(short dash), fraction 2 (long dash), fraction 3 

(dash and dot), fraction 4 (solid line), fraction 5 (dot). 

Figure 10 shows an example of lung tumor motion trajectories of one single beam 

in five fractions. The vertical axial value gives us the tumor motion amplitude with 

respect to the mean motion position in corresponding beam. By this way, the set up error 

can be eliminated in analysis. The horizontal coordination represents time, and the time 

interval between the two neighbor points is 1s which is the result of MV image frame 

rate. 
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Figure 11: Example patient’s RPM motion profile acquired from 4DCT 

simulation. 

The external surrogate motion trajectory is shown in Figure 11. The vertical axis 

is surrogate motion amplitude with respect to the mean motion position. The horizontal 

axis indicates the data acquisition times. The marker motion data are collected at 30 

frames/s.    
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3.2.2 Correlation of RPM Motion and tumor motion from cine-MV 
Images 

 

Figure 12:  The correlation between tumor motion range RMV and RPM 

motion rang RRPM. 

R2=0.02 exists between the MV tumor motion range RMV and external respiratory 

surrogate motion range RRPM (Figure 12).  



 

 

 

 31

3.2.3 Correlation of tumor motions from cine-MV and 4DCT images 

 

Figure 13: Correlation of the MV tumor motion range RMV and 4DCT tumor 

motion range R4DCT. 

 
Correlation (R2=0.71) of tumor motion range in cine MV and 4DCT is shown in 

Figure 13. For all patients, the tumor motion range in 4DCT is smaller than that in cine-

MV, and the range difference in these two modalities is . Furthermore, the 

tumor motion range deviates farther away from trend line when the tumor motion range 

is smaller than 4mm. The error of tumor motion range prediction decreases as the tumor 
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motion range increases. Thus, the tumor motion range during treatment predicted from 

4DCT is more accurate when the tumor motion range is larger than 4mm. 

3.2.4 Correlation of RPM motion variation and tumor motion variation 
from cine-MV images 

 

Figure 14: Correlation of tumor motion variabilty VMV and RPM motion 

variability VRPM. 

For all patients, the RPM and MV variability are 0.14±0.06 and 0.17±0.05, 

respectively. Thus, the variations are comparable. Meanwhile, the tumor motion 

variability (VMV) and surrogate motion variability (VRPM) has no correlation (R2=0) either 
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(Figure 14). These indicate that the motion range and variability of external surrogate are 

not reliable to predict those of the lung tumor motion in SI direction. 

3.2.5 Similarity of RPM Motion PDF and tumor motion PDF  
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Figure 15. Similarity of internal tumor motion PDFMV and external surrogate 

motion PDFRPM for two patients. (a)(d) Internal tumor motion PDFMV from cine-MV 

images, (b)(e) external surrogate motion PDFRPM from RPM; (c) (f)similarity 

between PDFRPM and PDFMV. 

The internal tumor motion PDF or “ground-truth” PDF is shown in Figure 

15(a)(d).  The PDF is characterized by two peaks which are at the end-of-exhalation and 

end-of-inhalation phases, respectively, and the probability at the end-of-exhalation 

phase is the greatest presumably the most stable phase which can be seen from normal 

breathing that expiration time is longer than inspiration time. The example patient’s 

external surrogate motion PDF is shown in Figure 15(b) (e). It has the same feature of 

two peaks at the end-of exhalation and end-of-inhalation. However, they have different 

motion range and highest probability.   
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Figure 16:  Correlation between similarity of PDFMV and PDFRPM and the 

MV tumor motion range RMV. 

The similarities between PDFMV and scaled PDFRPM range from 0.68 to 0.97 with a 

mean similarity of 0.83 and standard deviation of 0.1. No relationship exists between 

PDF similarity and the tumor motion range RMV in cine-MV (Figure 16). It suggests that 

the tumor motion range does not dominate the PDF similarity.  
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4. Discussion 

In Aim 1 we evaluated the reproducibility of lung tumor motion PDF using the 

cine MV images that are during 3D-conformal SBRT treatments.  It was found that the 

PDF reproducibility decreased exponentially as the tumor motion range increased, but 

reached a steady state at 0.84 when tumor motion is greater than 6 mm.  Considering 

motion management is typically recommended for tumors moving more than 5 mm (3), 

this finding primarily indicates that: 1) the tumor motion PDF is reproducible to a large 

extent, but not perfectly; 2) the tumor motion PDF reproducibility remains 

approximately at a constant level, independent of the tumor motion range.  In addition, 

we observed that the PDF reproducibility decreased slightly throughout the treatments.  

This could be caused by changes in tumor volume, position, and motion occurred 

during the radiation treatments [32].  

In this study the image acquisition rate of the cine MV was 1 frame/s, which was 

suboptimal for PDF calculation as based on our previous studies [11] the PDF accuracy 

exponentially increases as the image acquisition rate increases.  An optimal frame rate 

for PDF calculation was determined to be 2 frames/s or above.  As a result, the accuracy 

the motion trajectories and the PDF could be adversely affected by using a frame rate of 
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1 frame/s.  However, the estimated error in PDF is only about 1.5% for frame rate of 1 

frame/s according to Equ. [5] in Ref. 11.  In fact, the image frame rate of the cine MV can 

be set up to 8 frames/s.  However, it was intentionally set low for the clinic use in order 

to prevent system slowing down or crashing due to data overflow.   

There are several limitations of this part.  First, the selection of the three beams 

for PDF calculation was based on visual inspection, which is subjective and may have 

lead to bias.  However, its impact on PDF accuracy and reproducibility is expected to be 

limited, primarily because the motion tracking algorithm has sub-millimeter accuracy as 

demonstrated in the study.  Visual inspection was only used as extra criteria to find the 

“better” ones from the “good” ones.  Secondly, this study did not answer the question 

whether a pre-treatment determined tumor motion PDF can be reproduced during the 

treatments?  To answer this question we need to measure tumor motion before and 

during the treatments, by using two different imaging modalities (e.g., dMRI for pre-

treatment and cine MV for during-treatment) or using a single imaging modality such as 

fluoroscopy or MRI in a MRI-Linac machine [33].  This will be the topic of our future 

research.  Thirdly, this study only evaluated the SI tumor motion.  As tumor motion is 

essentially 3D, a 3D PDF should be used in a true PDF-based treatment planning.  This 



 

 

 

 38

will require some form of 4D imaging, such as 4D-CT.  However, studies have shown 

that the probability information embedded in 4D-CT is prone to error when patient’s 

breathing is irregular [34].  Ideally, the 4D imaging technique should be able to acquire 

images in multiple breathing cycles in order to achieve an accurate PDF [11].  The 

currently underdeveloped four-dimensional magnetic resonance imaging (4D-MRI) can 

potentially be valuable for this application [35].  Alternatively, 3D tumor motion PDF can 

be obtained by using implanted markers [12, 15].  However, it is an invasive procedure 

and medical risks including pneumothorax may be associated with seed implantation 

[36].  Finally, since the Dice’s coefficient is a global measurement of similarity, it may be 

insensitive to regional changes of PDF and thus the dosimetric impacts.  Future studies 

focusing on dosimetric impacts of PDF reproducibility using other more sensitive 

measures are highly desirable. 

In second part, we revisited the correlation between the external surrogate 

motion and internal tumor motion from a statistical point of view.  We tried to 

understand whether statistical derived parameters that represent patient breathing 

characteristics from the external surrogate correlates with those derived from internal 
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tumor motion.  Understanding such correlations is important to many applications 

including PDF based treatment planning, etc. 

Our results showed that there is no correlation between RPM motion range and 

tumor motion range, indicating that motion range of external surrogate can not 

represent the lung tumor motion.  This is expected because many factors affect the 

motion range of RPM surrogate which includes position and angle of the marker box, 

patient’s breathing (chest breathing v.s. belly breathing), etc.  Furthermore, the patient 

respiratory pattern is different during simulation and treatment due to different emotion 

and the common breathing feature that the breathing pattern has inter-fraction and 

intra-fraction variation.  

   The tumor motion measured in cine MV images were different, in general is 

greater than those measured in 4DCT.  Although high correlation of internal tumor 

range were shown between 4DCT and cine-MV, the tumor motion range deviates farther 

away from trend line when the tumor motion range is smaller than 4 mm. The error of 

tumor motion range prediction decreases as the tumor motion range increases. Thus, the 

uncertainty of tumor motion range during treatment predicted from 4DCT is smaller 

when the tumor motion range is larger than 4 mm. 
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No correlation exists between the RPM motion variability and tumor motion 

variability. Thus, it is not reliable to predict range and variability of the lung tumor 

motion in SI direction from those of external surrogate. After all, the tumor variation is 

affected by the tumor size and tumor location [34], but the relationship between them is 

still unknown. In our study, we investigated patients with different characteristics of 

tumor location and tumor size. Thus, our further research is to sort the patients in 

different categories according to their tumor size, tumor location. Further exploration 

will be done to reveal the correlation between tumor motion and tumor size and 

location.  

High motion PDF similarity exists between internal tumor and external 

surrogate. However, the motion PDF similarity is not relative with the motion range or 

variability of internal tumor or external surrogate motion range. The study suggests that 

PDF similarity heavily depends on the regularity of the breath pattern. For some 

patients, even though their breathing is deep or variability is large, the PDF similarity is 

high which is attributed to the high regularity of breathing pattern. The patients 

included in our study have not been received any breath instruction. As study shown, 

the breath coaching improves the breath regulation and improve the effectiveness of 
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surrogate [37]. Thus, we plan to investigate the correlation of internal tumor and 

external surrogate on patients with breath coaching. 

We only investigate the tumor motion in SI direction. Lateral and AP motion are 

smaller and vulnerable to the noise in MV images. Due to beam direction and tumor 

location, we can not obtain enough usable MV images to extract the lateral and AP 

motion trajectory. Similar study will be performed to 2D or 3D tumor position once we 

acquire enough usable MV images. 

Although high correlation of internal tumor range were shown between 4DCT 

and cine-MV, the tumor motion range deviates farther away from trend line when the 

tumor motion range is smaller than 4mm. The error of tumor motion range prediction 

decreases as the tumor motion range increases. Thus, the tumor motion range during 

treatment predicted from 4DCT is more accurate when the tumor motion range is larger 

than 4mm. 

The PDF similarity between internal tumor and external is not correlative with 

motion range and variability. The PDF similarity heavily depends on the regularity of 

the breath pattern. However, the range and variability can not reflect the regularity of 

breath. For some patients, although their breathing is deep or variation is large, the PDF 
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similarity is high due to the high similarity of breathing pattern. Thus, the similarity 

dominated by the similarity of the breathing pattern.  
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5. Conclusions 

Tumor motion PDF during lung SBRT treatments can be determined using cine 

MV images. The reproducibility of lung tumor motion PDF decreases in an exponential 

fashion as the tumor motion range increases, but reaches a steady state at 0.84 when the 

tumor motion range is greater than 6 mm. The PDF reproducibility also decreases 

slightly throughout the courses of SBRT treatment.  

No correlations were found in motion range and variability between the external 

surrogate (RPM) and the internal lung tumor motion. High PDF similarity, with a mean 

(±standard deviation) of 0.83(±0.1) was found between RPM and internal lung tumor 

motion, but no correlation exists between this PDF similarity and tumor motion range. 
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