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Introduction

The utilization of proton therapy has increased sharply with 
an increasing number of proton centers opening within 
the United States. The challenges of accurately delivering 
particle therapy increase over photon based techniques 
due to the Bragg peak and sharp energy fall off. Thus as 
intrafractional motion occurs, the water-equivalent path 
length (WPL) can vary as organs of different density pass 

through the particle’s path, resulting in under coverage 
of the planning tumor volume (PTV) and higher doses to 
organs at risk (1-3). 

The ability to deliver a planned radiation dose, 
robustness, of a treatment plan depends on factors which 
cannot be entirely accounted for by a single free breathing 
planning CT (4). These factors are eloquently described 
in the Paganetti paper and include factors independent of 
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the dose calculation including compensator design, patient 
setup, and beam reproducibility, as well as uncertainty from 
dose calculation (5). Intrafractional motion is predominately 
due to respiratory motion in the upper abdomen, and causes 
difficulty creating a robust plan. Active breathing control, 
other spirometric devices, and inducing apnea under general 
anesthesia have been tried to eliminate motion (4), however 
many patients cannot tolerate these interventions (2). Thus 
4 dimensional computed tomography (4D CT) scans were 
developed which allowed target motion to be quantified and 
margins increased to account for motion. 

While the 4D CT has been used to evaluate the motion 
of the tumor, typically a second CT scan is performed 
and used as the primary planning scan. At our institution 
proton treatment planning was developed before the era of 
4D CT scanning, thus a slow CT protocol was developed 
which utilized a step and shoot technique, advancing after 
completing one complete revolution. This provides both 
a planning CT and an estimation of the motion. On other 
protocols a second free breathing scan is done as seen on 
the Radiation Therapy Oncology Group (RTOG) 1112. 
This adds to patient dose, cost, and resource utilization that 
could otherwise be spared if a phase or reconstruction of 
the 4D CT scan could be used as the planning CT scan.

Several proton groups have since asked the question of 
whether a portion of the 4D CT scan can be used as the 
primary scan for dose calculation. Kang et al. evaluated 
ten patients with mobile lung tumors and found that a 
modified average CT provided an effective strategy for 
lung treatment planning (6). Similarly Wang et al. reviewed 
12 mobile lung tumors developing a planning scan based 
upon a 3 phase maximum intensity projection (7). In the 
distal esophagus, Pan et al. reviewed five patients with 
the diaphragm in the beam path. They evaluated plans 
developed from the maximum inspiration phase, maximum 
expiration phase, and the average reconstruction and found 
that the maximum inspiration phase along with a smearing 
margin lead to adequate target coverage (2).

However the appropriate phase or reconstruction 
of a 4D CT scan for pancreatic tumors has not to our 
knowledge been evaluated. Therefore our group asked if 
there is a phase or reconstruction of the 4D CT which can 
replace the second CT scan for pancreatic proton treatment 
planning.

Methods

Ten patients with pancreatic cancer were treated with 

stereotactic body proton radiation therapy at our institution 
from January to December 2015. For the purposes of 
this study, each patient was simulated using a full body 
immobilization device while 4D CT images were acquired. 
The device consisted of a carbon fiber pod filled with a self-
expanding foam that molds to the external contour of the 
patient. This reproducible immobilization system forms 
around the posterior aspect of the patient and covers a 180° 
area, which creates a reproducible external contour (8). A 
multi-slice scanner acquired the 4D CT images while the 
patient was immobilized. This involved an external fiducial 
to monitor the patient’s respiratory cycle during image 
acquisition where ten data sets were developed (referred 
to as T0, T10, T20, …, T90) that were equally divided 
between T0 (maximum inhalation) and T50 (maximum 
exhalation). An average CT was also created by computing 
the average Hounsfield unit in each voxel merged over all 
ten scans.

Target delineation 

Gross tumor volume (GTV) was contoured on each of the 
ten 4D CT phases with contrast, utilizing the treatment 
planning system Odyssey 5.1 (Optivus, San Bernardino, 
CA, USA). Clinical target volume (CTV) was equivalent to 
the GTV without expansion, as delineated by a radiation 
oncologist, without deformable image registration. The 
internal target volume (ITV) was generated by forming 
a union of the GTV contours from all ten individual 
phases of the 4D CT. A set up margin of 5 mm was 
added for set up uncertainty that was achievable with pod 
immobilization and daily orthogonal kV imaging. Normal 
structures including the stomach, spinal cord, kidneys, 
liver, duodenum, small bowel, and colon were manually 
contoured on all ten phases as well as on the average data 
set images from the 4D CT per RTOG Upper Abdominal 
Normal Organ Contouring Consensus guidelines (9). 

Proton treatment plans

A dose of 30 Gy in 5 fractions was prescribed to D95, such 
that 100% of the prescribed dose was given to 95% of the 
volume of the ITV plus setup margin, with beam specific 
PTV margin added by the planning software. The target 
was covered with 2–3 coplanar proton beams with priority 
given to beams between the right lateral and posterior 
positions, which enter through pod. This utilized the 
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consistent external WPL due to the immobilization device, 
unless patient normal organ constraints required a beam 
outside of this arc. Beam characteristics (e.g., aperture, 
range, bolus, etc.) were managed by methods previously 
described by Moyers et al. (10) and density corrections were 
applied to correct for contrast and air inhomogeneities. A 
plan was then developed for each of three primary scans; the 
T0 phase (maximum inspiration), the T50 phase (maximum 
expiration) and the average CT (hereafter referred to as 
T0_plan, T50_plan, and AVE_plan). The beam angles, 
beam characteristics, and dose were translated unaltered to 
each of the ten phases of the 4D CT.

Plan analysis

To evaluate each plan (T0_plan, T50_plan and AVE_plan) 
the beams and beam characteristics were fixed and then 
imported into each of the 10 phases of the 4D CT. In each 
phase, the GTV was outlined and a setup margin added. 
This volume, representing the tumor dose in that phase, was 
evaluated for coverage. A plan was defined as adequate if 
the D95 coverage was no lower than 99% of the prescribed 
dose on any of the 10 phases of the 4D CT (2). Cranial-
caudal motion was determined on 4D CT by measuring 
the displacement of the center of mass of the tumor on 
each phase and abdominal motion was determined on the 
average scan as the region of gradient hypodensity directly 
over the center of mass of the tumor.

Results

Baseline patient characteristics are shown in Table 1. The 
range, mean, and standard deviation of tumor motion were 
as follows: left-right dimension, range 1.9–9.8 mm, mean  
4.8 mm, standard deviation 2.5 mm, anterior-posterior, 
range 3–8.8 mm, mean 5.0 mm, standard deviation 1.9 mm, 
and in the superior-inferior dimension range of 5–20 mm, 
mean 10 mm, standard deviation of 4.5 mm. Tumor sizes 
ranged from 21 to 52 mm in the largest axial diameter.

Treatment plans (T0_plan, T50_plan and AVE_plan) 
were successfully generated for all patients. We then tested 
these three plans on all ten phases of the 4D CT and results 
showed that adequate target coverage, D95 covered by 99% 
of the prescribed dose or greater, was achieved for 9 of the 
10 patients as seen in Table 2. For these nine patients the 
minimum coverage per plan was T0_plan 99.7%, T50_
plan 99.3% and AVE_plan 99%. Patient E was chosen as a 
representative patient with abdominal motion of 3 mm and 
cranio-caudal motion of 7.5 mm, and the D95 coverage per 
phase and plan is shown in Table 3. Individual phases and 
patient coverage is shown in Figures 1-3.

Correlation between cranio-caudal and anterior 
abdominal motion was minimal (Spearman’s rho r value 
0.513, 2-tailed significance 0.13). However, for 9 of the  
10 patients, the tumor motion ranged from 5–12.5 mm 
(mean 9.17±2.89 mm) and abdominal motion ranged from 
3–8 mm (mean 5.33±2.05 mm). Patient G had the largest 
motion in both dimensions, at 20 mm in cranio-caudal 

Table 1 Baseline patient characteristics

Patient L-R motion (mm) A-P motion (mm) CC motion (mm) Ant abdominal motion (mm) ITV (mm)

A 1.9 3.0 10 8 41×39

B 7.8 3.9 7.5 7 52×44

C 9.8 5.9 15 7 52×42

D 4.9 4.9 5 6 35×27

E 2.9 3.9 7.5 3 24×23

F 4.0 6.9 12.5 3 54×53

G 6.9 8.8 20 27 45×41

H 3.0 5.9 7.5 2 42×37

I 3.0 3.9 7.5 5 43×41

J 4.0 3.0 10 7 36×30

L-R, left-right; A-P, anterior-posterior; CC, cranial caudal; ant, anterior; ITV, internal target volume.
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tumor motion and 27 mm in abdominal motion. Patient 
G’s large abdominal and cranio-caudal motion was due to 
difficultly in controlling celiac axis pain. 

Results for the single patient (patient G), showed that 
for the T50_plan (max expiration) and the AVE_plan, 
target coverage was less than 99% the prescription dose 
in the phases centered on maximum inspiration [T0 (max 
inspiration), T10, T80, T90]. The T0_plan provided 
coverage below 99% of the prescribed dose on the T20, 

T30, T40, T50, T60 and T70 phases as seen in Table 4 and 
Figure 4. 

Discussion

To our knowledge this represents the first data for utilizing 
4D CT as the primary proton treatment planning scan. 
Our results show that for patients with less than 8 mm of 
anterior abdominal motion, the T0, T50, or average phases 
of the 4D CT produced acceptable target coverage over 
the 10 phases of the 4D CT (2,11). This data provides 
initial evidence that using planning techniques for bolus 
design, smearing parameters, blocks, and modulation wheel 
selection as described by Moyers et al. (10) are sufficient 
to accommodate for WPL changes due to respiration for 
tumors of the pancreas. 

To determine the applicability of this data, reviews of 
other studies which have evaluated pancreatic motion 
show differing results. Tai et al. analyzed pancreatic motion 
utilizing 4D CT for 15 patients. They initially evaluated  
12 patients selected at random who had a cranio-caudal 
tumor motion of 5.8±3.1 mm, while a second selected group 
of patients were chosen for their large respiratory motion 
and found to have a cranio-caudal motion of 11±1.4 mm (12). 
Another analysis by Hallman et al. (13) showed that for 
pancreatic tumors measured with 4D CT, the center of mass 
of the CTV had a cranio-caudal motion of 5±1 mm. Our 
study included patients with what was primarily considered 
a large respiratory motion, with cranio-caudal motion found 

Table 3 Representative of the nine adequately covered patients, 
Patient E’s percent D95 coverage is shown

Phase
Plan (%) 

AVE T0 T50

T0 100.7 101.0 101.0

T10 101.3 101.7 101.7

T20 101.7 101.7 102.0

T30 101.3 101.7 101.7

T40 101.3 101.7 101.7

T50 99.7 100.0 101.0

T60 101.3 101.3 101.3

T70 101.0 101.3 101.3

T80 100.7 101.0 101.3

T90 99.7 100.0 100.3

AVE, average.

Table 2 Range of the minimum D95 coverage per plan for each patient

Patient AVE_Plan (% range) T0_Plan (% range) T50_Plan (% range)

A 99.7–101 99.7–101.3 99.7–101.7

B 100.3–100.7 100.3–100.7 100.3–100.7

C 100.3–100.7 100.3–100.7 100–101

D 100.7–101.3 101–101.7 100.3–101.7

E 99.7–101.7 100–101.7 100.3–102

F 99.7–100.7 100.3–100.7 100.3–100.7

G 68–100.7 96.3–100.3 68–101

H 100.3–101 100.7–101 100.7–101

I 100–100.3 100.3–100.3 100.3–100.7

J 99–101.7 99.7–100.7 99.3–103

AVE, average.
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to be 10.3±4.3 mm, and thus covers the range of motion for 
most pancreatic tumors.

However for patients with large abdominal wall motion, 
such as patient G in our study, caution must be used. Patient 
G demonstrated 27 mm of abdominal motion and 20 mm 
of cranio-caudal tumor motion. The plan did not meet the 
specified 99% dose coverage due to the large abdominal 
motion and the use of an anterior beam. In our study the 
planners were allowed to use anterior beam angles per our 
institution practice to spare normal organs, and anterior 
beams were used in patients B, C, D, F, and G. In the case 

of patient G, the degree of anterior abdominal wall motion 
caused all three plans to fail. For the T50_plan and AVE_
plan the plan provided inadequate distal coverage of the 
PTV at maximum inspiration due to abdominal distension 
and increased WPL to the target. The T0_plan showed 
improved target coverage throughout the ten phases 
(maximum under dose: T50_plan 32%, AVE_plan 32%, 
T0_plan 3.7%), however, during maximum exhalation the 
proximal target coverage was inadequately covered due to 
overshoot of the proton beam, as the WPL to the target was 
reduced. The other nine cases had abdominal wall motion 

Figure 1 D95% for each patient per respiratory phase as seen with the average plan.  AVE, average; 4DCT, 4 dimensional computed 
tomography.
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Figure 2 D95% for each patient per respiratory phase as seen with the T0 plan. 4DCT, 4 dimensional computed tomography.
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of <8 mm and standard techniques were able to account for 
the variation involved.

As the use of an anterior beam was thought to lead to the 
failure of all three plans, patient G was replanned without 
an anterior beam. This plan showed minimum percent D95 
target coverage per plan of T50_plan 100.3%, T0_plan 
100.3% and AVE_plan 100%. Thus to address patients with 
anterior abdominal motion larger than 8 mm, avoidance of 
anterior beams could be a reasonable approach. If anterior 
beams are required to spare normal organs (kidney, liver), 

then respiratory gaiting can be used to treat the lesion 
only during the phases where adequate target coverage is 
achieved. Abdominal compression could also be employed, 
which has been shown to significantly reduce cranio-
caudal motion (14), however have not yet been studied for 
anterior abdominal motion. Finally, if no such methods 
are available the T0_plan provided the highest degree of 
coverage (minimum D95 covered by 96.3%), and could be 
considered.

Pan et al. (2) evaluated both which phase of the 4D CT 
to use for treatment planning as well as which smearing 
diameter to use to create the most robust proton plan for 
distal esophageal tumors. The distal esophagus was chosen 
as a region which had significant motion, 20–48 mm, and 
WPL changes in the five patients studied. Similar to this 
analysis, Pan et al. exported the plan to the ten phases of 
the 4D CT and found that the T0_plan provided a 99% 
prescription dose coverage of the ITV throughout all 
phases of the 4D CT, while the T50 plan and AVE_plan 
were unable to meet this criteria. In both our study and 
the Pan analysis 4D CT was able to provide an adequate 
proton treatment plan, and our study delineated that each 
phase studied provided an adequate plan given the anterior 
abdominal motion was less than or equal to 8 mm.

The limitations of this study include the small patient 
number, lack of a validation cohort, and need to obtain a 4D 
CT before motion can be analyzed. The patient population 
included nine patients who were adequately planned with 
motion between 2–8 mm and only one patient who had 
inadequate coverage at with 27 mm of motion. Thus the 

Table 4 Patient G’s percent D95 coverage

Phase
Plan (%) 

AVE T0 T50

T0 68.0 100.3 68.0

T10 68.7 100.3 68.3

T20 100.0 98.7 100.3

T30 100.7 98.7 100.7

T40 100.7 97.3 101.0

T50 100.3 96.3 101.0

T60 100.7 97.3 100.7

T70 100.7 98.3 100.7

T80 97.7 100.0 87.3

T90 69.3 100.3 68.7

AVE, average.

Figure 3 D95% for each patient per respiratory phase as seen with the T50 plan. 4DCT, 4 dimensional computed tomography.
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Figure 4 Patients E and G target coverage by phase showing patient G inadequate coverage by phase, while patient E maintains adequate 
coverage throughout. AVE, average; 4DCT, 4 dimensional computed tomography.

need to dampen abdominal motion between 9–27 mm 
remains unclear. Also having a second, independent cohort 
of patients with less than or equal to 8 mm of motion which 
are able to be planned with adequate D95 target coverage 
would help to showing the validity of the findings of this 
study. In keeping with our goal to reduce the number of 
scans done, as motion is analyzed on the 4D scan, a second 
scan is required if the motion is significant and abdominal 
compression is used.

Conclusions 

Each of the phases studied, T0, T50 and Average, produced 
a plan which provided acceptable results and can be used for 
proton treatment planning in the treatment of pancreatic 
malignancy as long as abdominal motion is less than or 
equal to 8 mm. Implementing the strategy of utilizing a 
single phase of the 4D CT will allow a reduction of dose 
to the patient, CT simulator time, and cost for pancreatic 
treatments, while still maintaining adequate target coverage.
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