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Investigation of irregular radiation field-based proton 
therapy using conformal dose layer stacking method 

INTRODUCTION 

Proton therapy is an effective therapeutic 
method that is suitable for treating patients with 
malignant tumors (1-4). In proton therapy, high 
dose regions can be located inside tumors based 
on the physical properties of Bragg peak                      
formation in human tissues (5,6). The absorbed 
doses beyond tumors can be controlled to a low 
level. Hence, damage to normal tissues is                 
reduced, especially in the tissues distal to                   

malignant tumors (7-10).  
Conformal proton therapy (CPT), which is a 

type of passive-scattering proton therapy based 
on patient-specific apertures and range                  
compensators, is a commonly used proton             
therapy method (11-13). For this method,                 
prescribed dose profiles distal to tumors can be 
adjusted to conform to tumor outlines (14).               
However, proximal dose conformities of tumors 
are sacrificed owing to the lack of proton            
intensity modulation during radiation treatment 
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ABSTRACT 

Background: Dose modulation is a key factor in practical proton therapy. This 
study investigates the dose modulation methodology of irregular radiation 
field (IRF)-based proton therapy using forward radiation treatment planning 
and conformal dose layer stacking (CDLS) methods. Materials and Methods: 
The geometric configuration of a virtual multi-leaf system was constructed to 
generate IRFs during Monte Carlo simulations. Two patient geometries—
lymphatic metastasis and brain tumors—were configured to investigate the 
dosimetric feasibility and applications of IRF-based proton therapy in ideal 
patient anatomies. The investigated tumors were divided into slices 
perpendicular to proton beam axis. Segments were designed to be conformal 
to the profiles of these tumor slices. Conformal dose layers were produced by 
modulating the proton intensities and energies of the predesigned segments. 
Then, these dose layers were stacked throughout the tumors to obtain 
sufficient and conformal tumor doses. Results: From the proposed IRF-based 
proton therapy, tumors with 4-7 cm extents along the depth direction could 
be treated with fewer than 10 segments. The lymphatic metastasis and brain 
tumors were sufficiently covered by 95% dose lines, while appropriate distal 
and proximal dose conformities were achieved. The maximum tumor doses 
did not exceed 110%. Conclusions: Theoretically, the proposed IRF-based 
proton therapy using forward planning and CDLS methods is feasible from the 
viewpoint of dosimetry. This study can serve as a foundation for future 
investigations of potential proton therapy methods based on fast conformal 
dose layer stacking using radiation fields with irregular shapes. 
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planning. This leads to extra proton irradiation 
to normal tissues proximal to tumors and                  
increases the probability of radiotherapy                
complications. Scanned beam-based                         
intensity-modulated proton therapy (IMPT) has 
been developed and applied to enhance the              
conformities between prescribed dose profiles 
and tumor contours. For this proton therapy  
modality, dose spots generated around Bragg 
peaks of narrow proton beams are utilized to 
scan throughout tumors in a point-by-point 
manner. Thus, good conformities between tumor 
profiles and prescribed dose lines are realized, 
and excellent performance is achieved in                
treating static tumors with complicated                 
geometric configurations (15-18). However, in 
scanned beam-based IMPT, only one “spot”             
inside a tumor is irradiated at any given time. 
Theoretically, the dose delivery efficiency of 
scanned beam-based IMPT could be relatively 
limited owing to the point-by-point treatment 
pattern for a specified dose rate. Considering the 
limitations of CPT and IMPT, it is necessary to 
investigate possible dose modulation and               
delivery methods by which conformal doses can 
be delivered to tumors with high delivery                 
efficiency. 

In this paper, we propose a novel dose               
modulation method inspired by Carbon 3D 
printing (19). Unlike traditional 3D printing with a 
point-by-point printing pattern, Carbon 3D            
offers the beneficial ability of instantaneous            
layer-by-layer printing. For traditional 3D            
printing technology, only one point is printed at 
any given time. With the Carbon 3D printing 
technology, a whole conformal layer can be           
instantaneously printed in an instant. Thus, the 
efficiency of Carbon 3D printing is 25-100 times 
higher than that of traditional 3D printing               
technologies. It is expected that this kind of           
instantaneous layer-by-layer printing strategy 
can be applied to dose “printing” in proton            
therapy, although there is a physical difference 
between the material stacking of Carbon 3D 
printing technology and the energy layer               
stacking of proton therapy. Hence, this study 
investigated the proton therapy methodology by 
which an instantaneous layer-by-layer “dose 
printing” pattern can be adopted rather than the 

296 

point-by-point pattern used by scanned                    
beam-based IMPT. 

  In this study, the geometric configuration of 
a virtual multi-leaf collimation (MLC) system 
was adopted to generate proton radiation fields 
with irregular shapes. Two patient geometries—
lymphatic metastasis and brain tumors—were 
each constructed to investigate whether the              
proposed IRF-based proton therapy can be              
applied to human anatomic structures in a               
tentative manner. First, the investigated tumors 
were divided into thin tumor slices                          
perpendicular to the proton beam axis. Secondly, 
the segments conformal to the profiles of these 
tumor slices were designed based on the virtual 
MLC system. Thirdly, conformal dose layers were 
produced for each of the tumor slices by               
modulating the proton intensities and energies 
of each predesigned segment. Next, the                   
conformal dose layers were stacked throughout 
the tumors to sufficiently cover them. Dose           
distributions in the investigated tumors were 
assessed for each of the tumor cases. To some 
extent, this study could elucidate the                       
possibilities for a fast conformal-dose-layer 
stacking technology based on radiation fields 
with irregular shapes in proton therapy.  
 
 

MATERIALS AND METHODS 
 

Monte Carlo particle transport codes have 
been widely accepted and applied in the field of 
medical physics (20-27). The GEANT4 Monte Carlo 
toolkit (version 4.10.1.p02) was used to perform 
the dose calculation tasks in this study. In this 
section, an ideal water phantom with a centrally 
located tumor was adopted to demonstrate the 
methods used to produce uniform doses                   
conformal to tumor profiles using the forward 
treatment planning and conformal dose layer 
stacking (CDLS) methods. A virtual MLC with a 5
-mm leaf width was configured to generate IRFs. 
Three procedures for the proposed IRF-based 
proton therapy were conceived, and they are   
described as follows: 
  “Chop” the tumor into tumor slices. 
  Design segment shapes conformal to the         

profiles of the “chopped” tumor slices. 
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 Produce uniform dose layers conformal to the 
profiles of the tumor slices. 

Moreover, possible solutions with the             
potential ability to drastically reduce the number 
of segments and segment shape switches are 
also proposed in this section.  

 
Chop the tumor into thin tumor slices 

  As illustrated in figure 1, a spherical tumor 
with a 10 cm diameter was centrally placed             
inside the virtual water phantom. Then, it was 
“chopped” into ten tumor slices with 1 cm           
thicknesses. Proton beams were incident on the 

ideal phantom perpendicular to the left phantom 
surface. Collimated by the virtual MLC, the              
proton beams with energies E1-E10 formed Bragg 
peaks and produced conformal dose layers             
inside each tumor slice. In figure 2, the tumor 
chopping process is illustrated in a                         
three-dimensional pattern. As illustrated in             
figures 2(a) and 2(b), the tumor was divided into 
ten slices perpendicular to the Z-axis after the 
chopping process. Then, as shown in figure 2(c), 
these tumor slices were numbered and                      
respectively exhibited in a two-dimensional           
pattern.  

Shao et al. / Irregular radiation field based proton therapy 
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Figure 2. Illustration of the tumor chopping 
process: (a) tumor diagram before the             

chopping process; (b) the tumor diagram after 
chopping process; (c) exhibitions for each 

numbered tumor slice. 

Figure 1. Geometry configuration for the investigation of conformal dose layer 
production. 

Design segment shapes conformal to the               
profiles of the “chopped” tumor slices 

In this section, tumor slices 1-4 are taken as 
examples to briefly demonstrate the method for 
designing segment shapes conformal to the              
profiles of the “chopped” tumor slices. First,             
tumor slices 1-4 were divided into several               
irradiated parts, as illustrated in figure 3. The 
irradiated areas of tumor slices 1-4 (S1-S4) can 
be expressed by Eqs. 1-4: 

 

             (1) 
 
                                   (2) 

 

      (3) 
 

 (4) 
 

Where; Sslice1- Sslice4 denote the projection    

areas of tumor slices 1-4 on the X-Y plane,              
respectively. As shown by Eqs. 1-4, S1, S2, S3, and 
S4 were respectively classified into 1, 2, 3, and 4 
parts, which are clearly indicated by the red            
dotted lines. This kind of classification aimed to 
modulate proton intensities within the divided 
parts and achieve uniformly distributed doses in 
the tumor slices. After that, segment shapes  
conformal to the profiles of these parts should 
be obtained for tumor slices 1-4. Seven segment 
shapes (see figures 4(a)-4(g)) were designed 
and selectively allocated to tumor slices 1-4. The 
segment shape information for each tumor slice 
is listed in table 1. Segment shape 1 was            
designed to be conformal to the profile of tumor 
slice 1. For tumor slice 2, segment shape 1 was 
re-allocated to part 1. Segment shapes 2 and 3 
were designed for part 2. For tumor slice 3,              
segment shape 1 was re-allocated to part 1, and 
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segment shapes 2 and 3 were re-allocated to 
part 2. Segment shapes 4 and 5 were designed 
for part 3. For tumor slice 4, segment shape 1 
was re-allocated to part 1, segment shapes 2 and 
3 to part 2, and segment shapes 4 and 5 to part 

3. Segment shapes 6 and 7 were designed for 
part 4. For tumor slices 5-10, correspondent  
segment shapes were designed and allocated 
based on a similar designing method to that for 
tumor slices 1-4. 

Shao et al. / Irregular radiation field based proton therapy 
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Figure 3. Illustration of the segmentation process for tumor slices 1-4. 

Figure 4. Illustration of the designed segment shapes with serial numbers 1-7. 
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Produce dose layers conformal to the                
profiles of the “chopped” tumor slices 

  Collimated by the predesigned segment 
shapes, proton beams with energies E1-E10 can 
respectively produce “dose fragments” (see              
figures 5(a)-5(g)) inside tumor slices 1-10.               
Information on the required “dose fragments” of 
tumor slices 1-10 is listed in table 2. As shown in 
figure 5, the profiles of “dose fragments” 1-7 
were almost conformal to the contours of                 
segment shapes 1-7. By modulating the weight 
of these dose fragments, uniformly distributed 
doses (see figures 6(a)-6(j)) conformal to the 
profiles of tumor slices 1-10 could be obtained. 
By stacking these uniform dose layers (see             
figures 6(a)-6(j)), uniform dose distributions 
conformal to the profile of the investigated             
tumor could be derived. 

As shown in figure 7(a), prescribed doses are 
delivered to the tumor in a layer-by-layer                    
pattern. This type of dose delivery required at 
least 37 segment shape switches. Conventionally, 
segment shape switches are accomplished via 
the mechanical movement of heavy metal               
multi-leaves driven by electric motors. Frequent 
segment shape switches could greatly decrease 
dose delivery efficiency. Thus, we conceived the 

dose delivery pattern illustrated in figure 7(b). 
As exhibited in figure 7(b), dose delivery is 

realized in a segment shape-by-segment shape 
pattern. The segments required by delivering 
sufficient doses to the tumor were classified into 
seven sequences based on the segment shapes 
indicated by the red dotted lines. Hence, each of 
the seven sequences can be deemed as an 
“integrated” segment with identical segment 
shapes and multiple beam energies. From this 
viewpoint, only seven segments were required 
to treat the spherical tumor. Compared with the 
layer-by-layer delivery pattern, the number of 
segment shape switches was reduced from 37 to 
6 (a factor of more than 6). Dose delivery                  
efficiency was thus enhanced. This kind of dose 
delivery was more appropriate for pursuing high 
delivery efficiency, and it is recommended for 
utilization in the proposed IRF-based proton 
therapy. 

The main purpose of this section was to  
briefly demonstrate the methods for producing 
uniform dose layers conformal to the tumor slice 
profiles for the proposed IRF-based proton              
therapy, not to detail the dose calculation                
processes and calculated doses. Hence, detailed 
tumor dose exhibitions were not included in this 
section. Detailed dose calculations were                   
performed based on lymphatic metastasis and 
brain tumors in the next section. During the 
demonstration of the dose producing method, 
we used the notations of E1-E10 (see table 2)         

instead of specific beam energy values because 
these denotations are more representative than 
specific energy values.  

Tumor slice Segment shape Tumor slice Segment shape 

No. 1 No. 1 No. 6 No. 1-7 

No. 2 No. 1-3 No. 7 No. 1-7 

No. 3 No. 1-5 No. 8 No. 1-5 

No. 4 No. 1-7 No. 9 No. 1-3 

No. 5 No. 1-7  No. 10 No. 1 

Table 1. Information of the segment shape constitutions for 
tumor slices 1-10. 

Dose layer Tumor slice Beam energy Dose fragment 

No. 1 No. 1 E1 No. 1 

No. 2 No. 2 E2   No. 1-3 

No. 3 No. 3 E3   No. 1-5 

No. 4 No. 4 E4   No. 1-7 

No. 5 No. 5 E5   No. 1-7 

No. 6 No. 6 E6   No. 1-7 

No. 7 No. 7 E7   No. 1-7 

No. 8 No. 8 E8   No. 1-5 

No. 9 No. 9 E9   No. 1-3 

 No. 10  No. 10  E10  No. 1 

Table 2. Beam energy and dose fragment constitution information for tumor slices 1-10. 
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Figure 6. Illustration of conformal dose layers corresponding to tumor slices 1-10. 

Figure 5. Selective illustrations of the dose profiles for segment shapes 1-7 crossing the fourth tumor slice. 
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RESULTS 
 

In this section, two human geometric            
configurations—lymphatic metastasis and brain 
tumors—were each employed to investigate the 
potential applications of forwarding IRF-based 
proton therapy in a tentative manner using the 
CDLS method. The lymphatic metastasis and 
brain tumors were respectively chopped into 10 
and 8 tumor slices of 5 mm in thickness.                   
Conformal segment shapes were designed for 
the two investigated tumors based on the                
designing mechanism proposed in the previous 
section. The dose distributions inside the two 
investigated tumors are illustrated in figures 8 
and 9. In these figures, the white dotted lines 
outline the profiles of the investigated                
tumors. The black solid lines surrounding the 
tumor contours represent 95% relative dose 
lines.  

 

Abdominal configuration with the lymphatic 
metastasis tumor 

For the lymphatic metastasis tumor case, five 
segment shapes and five “integrated” segments 
were designed to obtain sufficient tumor doses 
and appropriate dose conformity following the 
design mechanism proposed in the previous  
section. The proton energies of these 
“integrated” segments ranged from 110 to 130 
MeV. Proton beams were incident on the              

patient’s body along the negative Z-axis, as 
shown in figure 8(a), and the angle between the 
proton beam axis and the Z-axis was 180º. The 
interactions between the proton beams                   
collimated by the predesigned segments and the 
ideal abdominal phantom were simulated using 
GEANT4. The dose distributions in the                       
abdominal phantom were calculated, and they 
are exhibited in figures 8(a) and (b). 

As illustrated in figure 8(a), the lymphatic 
metastasis tumor was sufficiently covered by the 
95% relative dose line in the X-Z plane, and the 
maximum relative dose was less than 110%. The 
profile of the 95% dose line was almost                   
conformal to the contour of the lymphatic                 
metastasis tumor, especially in the region           
proximal to the tumor. Compared with                     
traditional passive scattering methods, the              
improvement of proximal dose conformity can 
significantly reduce the doses received by vital 
organs proximal to the tumor. This kind of dose 
conformity improvement was beneficial to the 
dose reduction of the small intestine, which is 
proximal to the lymphatic metastasis tumor. 
Thus, radiotherapy complications related to the 
small intestine can be mitigated to some extent. 
As plotted in figure 8(b), the profile of the 95% 
relative dose line fits well with the tumor                
contour, and relative doses larger than 110% 
were not observed in the plane crossing the 
fourth tumor slice. Overall, satisfiable distal dose 

Figure 7. Possible dose delivery patterns: (a) layer-by-layer; (b) segment shape-by-segment shape. Appropriate dose delivery 
patterns have the potential to enhance treatment efficiency by reducing the number of segment shape switches. Figure 7              

demonstrates two possible dose delivery patterns that were conceived for the proposed IRF-based proton therapy. In figure 7, each 
equation lists the serial number of the respective segment shapes required by dose layers 1-10. The clusters of serial numbers  

surrounded by the red dotted lines denote the possible segment shape sequences used to deliver doses to the tumor. The black 
arrows represent segment shape switches, and the number of black arrows is equal to the number of segment shape switches. 
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conformities were achieved using less than 10 
“integrated” segments, while appropriate                
proximal dose conformities were realized 
through the proposed IRF-based proton therapy. 

 
Head configuration with the brain tumor 

For the brain tumor case, we designed seven 
segment shapes and seven “integrated”                       
segments following the design mechanism                
proposed in the previous section. The energies 
of the proton beams corresponding to these 

“integrated” segments ranged from 80 to 105 
MeV. Proton beams were incident on the patient 
body along the positive Z-axis, as plotted in             
figure 9(a), and the angle between the proton 
beam axis and the Z-axis was approximately 0˚. 
The simulations for the interactions between 
protons and the ideal head phantom were              
performed using GEANT4. The dose                      
distributions achieved by the proposed                     
IRF-based proton therapy in the head phantom 
are shown in figure 9. 

Figure 8. Relative dose distributions obtained by forwarding IRF-based proton therapy for the lymphatic metastasis tumor case: 
(a) in the X-Z plane; (b) in the X-Y plane crossing the fourth tumor slice. 

Figure 9. Relative dose distributions obtained by forwarding IRF-based proton therapy for the brain tumor case: (a) in the X-Z 
plane and (b) in the X-Y plane crossing the fourth tumor slice  

DISCUSSION 

For IRF-based proton therapy, the dose           
deposition of a proton beam with specified           
energy is mainly confined within a specified           
tumor slice around the Bragg peak. Hence, dose 

modulation is necessary for every tumor slice, 
and a sizable number of segments could be        
required by IRF-based proton therapy via                
inverse treatment planning. In an existing               
investigation, it was revealed that almost                 
hundreds of segments are required to treat a 
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tumor with a 10 cm extent in the depth direction 
for an inverse treatment plan (28). Owing to            
frequent segment shape switches, treatment 
time could be a problematic issue for practical 
applications of IRF-based proton therapy via  
inverse treatment planning. As described in the 
Materials and Methods section, we conceived 
three effective solutions for reducing the               
number of segments required by IRF-based            
proton therapy, which are as follows: 
 Rather than inverse radiation treatment               

planning, forward planning was employed to 
enhance control over segment shape design 
because forward planning is not restricted by 
inverse optimization algorithms. 

 Segment shapes were shared and reused 
among different tumor slices to reduce the 
numbers of segment shapes required. 

 The segments were classified with identical 
segment shapes and different energies into 
“integrated” segments to decrease the                    
frequency of segment shape switches. 

  The applications of the scanned beam-based 
IMPT in treating moving tumors are largely              
limited by a so-called interplay effect caused by 
tumor motion (29). However, four-dimensional 
CT scanning only provides a snapshot in time 
and cannot necessarily exhibit 4D patient            
geometries during a treatment fraction (30). Most 
existing studies recommend prediction of                
time-related dose distributions through                 
treatment planning based on 4D CT data and 
offsetting possible dose deteriorations caused 
by tumor motion via rescanning (31-36). Thus, it is 
still necessary to explore potential technical            
solutions for accurate dose delivery to moving 
tumors. 

Conventionally, irregular photon beams are 
widely applied in intensity modulated radiation 
therapy (IMRT) (37-42). With the aid of active 
breath control (ABC) technology, IRF-based 
IMRT has the potential to deliver conformal     
doses to moving targets to some extent. For this 
kind of treatment strategy, moving tumors are 
deemed as static tumors during the breath hold 
status. Hence, accurate dose delivery can be             
accomplished during the breath hold status 
while tumors are almost static. To duplicate the 
beneficial strategies of ABC-IMRT collaboration 

in moving tumor treatments, segments                   
quantities required by IRF-based proton therapy 
should be insensitively decreased and controlled 
to a relatively acceptable level. The IRF-based 
proton therapy proposed in this paper can treat 
tumors with less than 10 segments, which is 
comparable to the segment quantities used in an 
IMRT treatment plan. From this viewpoint, the 
methods and mechanism described in this paper 
could instigate potential collaboration of ABC 
and IRF-based proton therapy for the accurate 
treatment of moving tumors to some extent. 

In this study, simple-shaped lymphatic                 
metastasis and brain tumors were used to            
investigate the dosimetric feasibility of the             
proposed IRF-based proton therapy in human 
anatomies. The original motivation of the                  
proposed IRF-based proton therapy was not to 
compete with scanned beam-based IMPT in 
terms of dose uniformity and conformity but to 
theoretically provide the potential to enhance 
dose delivery efficiency under specified dose 
rates. Thus, reducing segment quantities and 
segment switches are the most important tasks 
for the proposed forward IRF-based proton 
therapy. However, complicated geometries will 
increase the numbers of segments required for 
forwarding radiation treatment plans. This kind 
of adverse influence clearly opposes the                
essential motivation of this study. Considering 
the above descriptions, we do not recommend 
the proposed IRF-based proton therapy for 
treating tumors with complicated geometries. 
The proposed IRF-based proton therapy should 
mainly be used to introduce higher treatment 
efficiency while dealing with relatively large             
tumors with relatively simple geometries.             
Beneficial dosimetric investigations are still              
valuable for tumors with relatively complicated 
geometries if medical physicists and radiation 
oncologists are interested in the proposed               
IRF-based proton therapy. For this kind of            
research, the tradeoff between the numbers of 
“integrated” segments and tumor dose             
conformities is a key factor that should be             
carefully considered. 

Extra irradiations and unexpected dose               
perturbations are induced by the interactions 
between protons and multi-leaf collimations if 
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we use multi-leaf collimators to form radiation 
fields with irregular shapes. This occurrence is 
an inevitable defect, and it will introduce extra 
doses to patients during proton therapy. Hence, 
many efforts must still be devoted to exploring 
possible ways to reduce this kind of dosimetric 
effect. Moreover, the long-term goal of this study 
is not to merely present a possible application of 
multi-leaf collimators in proton therapy, but it is 
to propose and detail a kind of beneficial               
mechanism for realizing proton therapy based 
on conformal dose layer scanning using proton 
radiation fields with irregular shapes. Hence, 
MLC collimated beams are simply a technical 
choice temporarily adopted by this work to              
investigate the dose modulation mechanism for 
the proposed IRF-based proton therapy. In the 
future, any technical solutions, e.g., fast uniform 
scanning technology (43), which has the potential 
to generate irregular proton radiation fields, 
could be utilized in practical applications of the 
proposed IRF-based proton therapy, if the                
dosimetric goals of clinical tumor treatments are 
achieved. 

To facilitate the initial exploration, relatively 
ideal proton sources and patient geometries 
were adopted in this initial study. However, 
these factors do not hinder this work as an               
informative foundation for future studies of this 
kind. These ideal configurations and                       
suppositions are beneficial in excluding               
complicated influencing factors and deriving 
initial research results. Further investigations 
for practical beam configurations and clinical 
tumor cases are necessary for future                     
investigations.  
 
 

CONCLUSION  
 

Under ideal circumstances, satisfied                 
proximal and distal dose conformities can be 
achieved by the proposed IRF-based proton 
therapy using forward radiation treatment 
planning and conformal dose layer stacking 
methods in abdominal and head anatomies. 
Theoretically, sharing and reusing segment 
shapes among different tumor slices has the 
potential to reduce the quantity of segment 

shapes and simplify radiation treatment plans 
for IRF-based proton therapy. Theoretically,  
integrating the segments with identical                  
segment shapes and different energies into 
“integrated” segments has the potential to             
decrease the frequency of segment shape 
switches and improve dose delivery efficiency 
for IRF-based proton therapy. 
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