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Abstract 

Purpose: Total body irradiation (TBI) is to deplete patient’s bone marrow and 

suppress the immune system by delivering uniform dose to patient’s whole body with a 

relatively low dose rate. The widely used total body irradiation (TBI) protocol in many 

institutions is to extend the source to surface distance (SSD) to over 400 cm in a large 

treatment room. The TBI techniques currently used at Duke University Medical Center 

is anteroposterior (AP)/posteroanterior (PA) technique and bilateral technique. Though 

bilateral technique TBI is executed with simpler treatment planning and setups in a 

more comfortable position, it could not provide adequate shielding to lungs and kidneys 

using blocks like AP/PA TBI technique. However, the whole process of block fabricating 

and verification is labor-consuming and time-costing. This project aims to develop a 

better AP/PA TBI treatment method in recumbent position, which provides better 

sparing for lungs and kidneys in any treatment room. 

Methods: In this study, we considered different treatment techniques (three-

dimensional conformal radiation therapy (3DCRT) and intensity-modulated radiation 

therapy (IMRT)), different treatment position (on the floor or on the couch), and 

different setups (gantry rotation and platform movement). TBI treatment plans were 

simulated in Eclipse treatment planning system by using both water equivalent 

phantom and patient CT image. Prescription for the treatment plans was 200 cGy per 
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fraction with 4 fractions. The dose homogeneity should within ±10% of the prescription 

dose. Dose constraints for kidney and lung are 25% of the prescription dose. In 3DCRT 

TBI, we applied multi-leaf collimators (MLCs) for OARs shielding and used boost field 

to provide adequate dose to lungs and kidneys. For IMRT TBI, an iterative optimization 

algorithm was generated for increasing dose uniformity. By using IMRT, dynamic multi-

leaf collimators (DMLCs) provided shielding for kidneys and lungs, which were 

considered in fluence map optimization. Volume dose and dose profiles were used to 

analyze the dose uniformity. Measurements with solid water phantom in treatment 

room were performed to verify the simulation results. IMRT QA with portal imager was 

performed for phantom. 

Results: 3DCRT could not ensure the dose homogeneity and dose deliver 

accuracy at the same time. To ensure the dose homogeneity in 3DCRT TBI, 

patient/platform position should be changed between field or applying customized 

wedge to compensate the inverse square law. For IMRT, the optimization algorithm has 

excellent performance for both phantom and patients. The dose homogeneity in the mid-

plane of both phantom and patients were less than ±5% of the prescription dose after a 

few iterations. Lungs and kidneys could receive around 25% prescription dose. The 

simulation and measurement results agree with each other. No additional physical 

compensators or partial transmission blocks were needed. Portal dose and predict dose 
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perfectly agreed with each other. CR film worked well in positioning. Surface dose 

enhancement under blocked field was observed.   

Conclusion: IMRT technique performed much better than 3DCRT in TBI 

treatment. In this study, we develop an AP/PA recumbent position IMRT TBI technique 

that could be used in any linac room. This technique can ensure high dose homogeneity, 

provide better sparing to lungs and kidneys, and reduce the complexity of TBI treatment 

planning without the need of labor-intensive compensators and partial transmission 

blocks.   
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1. Introduction  

Total body irradiation (TBI) is to deplete patient’s bone marrow and suppress the 

immune system by delivering uniform dose to the entire body with megavoltage photon 

beams. For certain kinds of diseases, the patient receives chemotherapy regimen before 

TBI treatment.[1] TBI has long been used for the treatment of hematologic malignancies to 

irradiate the blood-related cancer cells like leukemias, lymphomas, and myelomas.[2, 3] To 

provide sufficient space for healthy bone marrow, receiving TBI treatment is significant 

to patient before the bone marrow transplantation. Compared with other standard 

radiation therapy, TBI aims at treating relatively large target. In standard radiation 

therapy, each field could easily deliver dose to the whole target; however, placing the 

entire target (patient’s whole body) in one single field is a challenge in TBI. A widely 

used TBI protocol is traditionally carried out when patient is positioned at extended 

source to skin distance (SSD), usually over 400 cm, in a large LINAC treatment room.[4] 

Numerous TBI treatment techniques have been developed. Different institutions have 

their own consideration on patient position, treatment distance, organ-at-risks (OARs) 

protection, and some other detailed setups. From AAPM Report 17, different TBI 

methods should all satisfy the criteria that the dose homogeneity inside patient needs to 

within ±10% prescription dose.[5] The TBI techniques currently used at Duke University 

Medical Center is anteroposterior (AP)/posteroanterior (PA) technique and bilateral 

technique. 
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1.1 Bilateral TBI at Duke University Medical Center 

For the bilateral technique, patient either lie down with bending knees position on 

the stretcher and receive radiation from parallel opposed bilateral fields. 6 MV photon 

beam is used for TBI treatment. By rotating the gantry to around 90 to 270 degrees in a 

large treatment room, patients are treated with 40×40 cm2 field size and 0 degrees 

collimator rotation at 400 cm (TBRed machine) or 475 cm (NovalisBlue machine) source 

to patient mid-line point distance (SPD) to cover the whole body. Because of the variation 

of patient body thickness, customized compensators made of brass are applied on head, 

neck, lungs, and lower legs to increase the dose homogeneity along patient’s mid-line. 

However, the compensator to lungs also reduce the dose to the bones in the chest regions, 

which is not desirable. The thickness of each piece of compensator is ~1mm. The number 

of compensators applied for different patient at different region depends on patient’s 

dimensions and can be calculated by “TBICalc” program developed by Duke Radiation 

Oncology department and verified manually. Figure 1 shows an example for the patient 

dimensions measured for one patient. These numbers depend on patient dimensions. 

Therefore, patient dimension should be verified again before the first treatment. During 

patient positioning for treatment, therapists align patient’s cranial-caudal axis to the 

specific TBI laser in the treatment room and paste the compensator for different regions 

on the tray of the treatment head. The compensator position is adjustable according to the 

shadows projected on patient when the light system switches off in the linac room and 
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switching on the field light in treatment head. Additionally, position of the compensator 

for lungs can be verify by placing a computed radiography (CR) film on the side of patient 

away from the treatment head. The treatment time for one fraction is about 30 minutes to 

60 minutes.  

 

 

Figure 1: Example of Patient Dimensions as the Input of “TBICalc”. 
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TBI in parallel opposed bilateral directions require easier treatment planning and 

simpler setups which is more comfortable to the patient.  For now, TBI treatment planning 

at Duke University Medical Center are done by simple point dose calculation. Usually no 

less than five Optically Stimulated Luminescent Dosimeters (OSLD) are taped in the mid-

line of patient’s body to verify the dose to head, neck, lungs, umbilicus, and lower legs to 

ensure the dose delivery accuracy. One of the obvious drawbacks of this method is the 

dose distribution in vivo is unknown.  

In recent years, some researches have shown that the radiosensitive organs like 

kidneys and lungs often damaged by systemic sclerosis (SSc) which could be accelerated 

by receiving high-dose irradiation. Both lungs and kidneys should receive 200 cGy during 

one course of TBI treatment.[6] In bilateral technique, patient’s OARs could receive more 

than 50% prescription dose. TBI patients treated with bilateral technique without kidneys 

and lungs shielding may increase the radiotoxicity to the radiosensitive organ. 

1.2 AP/PA TBI at Duke University Medical Center 

For AP/PA technique, patient stand up on a TBI stand and receive radiation from 

AP and PA fields. Bilateral technique and AP/PA technique share the similar setup 

(Fig.2). Gantry rotation is around 90 to 270 degrees with 40×40 cm2 field size and 45 

degrees collimator rotation at 475 cm (NovalisBlue machine) SPD. Different from 

bilateral technique, AP/PA TBI at Duke University Medical Center provides adequate 

shielding to both lungs and kidneys. Some special clinical protocol, such as SCOT,[6] 
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recommend to carry out TBI in AP/PA direction, because of more strict sparing 

requirement to lung and additional sparing to kidneys. In bilateral technique, lung dose 

could not reduce aggressively by compensators to ensure the chest region received 

adequate dose. Additionally, no kidney shielding was done in bilateral technique. To 

reduce radiotoxicity to critical organs, partial transmission blocks are used for lungs and 

kidneys shielding. Customized compensators are only applied on head, neck, 

supraclavicular area and lower leg. However, patient anatomy could vary from CT 

simulation to treatment, since one of them was done when lying down and another was 

done when standing up. To create blocks suitable for standing position, chest X-ray can 

be used for lung blocks design, while using the combination of ultrasound (US) and 

non-contrast CT for delineating and localizing kidney block.[6] The accurate positioning 

of these blocks is very important.  

 

 

Figure 2: Beam's Eye View of Bilateral TBI (left) and AP/PA TBI (right). 
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Usually, it was recommended by the physicians that lung blocks should shrink 1 

cm from the boundary of lungs and avoid the supraclavicular regions, while kidney 

block should expand 1.5 cm from its boundary except for the boundary close to patient 

mid-line (Fig.3). Lung and kidney blocks position could be verified by placing a port 

film on the side of patient away from the treatment head. Though providing better 

sparing to the OARs, the whole process of block fabricating and verification is labor-

consuming and time-costing.  

 

 

Figure 3: Illustration of Lungs and Kidneys Block Shape. 

 

Another disadvantage is that most of the TBI patients are too weak to stand up 

for over an hour per fraction during treatment, including the setup time before 
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treatment and a 10 minutes break between the treatment time of AP field and PA field. 

Patients could be more comfortable in recumbent position (Fig.4). In addition, before the 

treatment, a whole day simulation is required. Patient received AP/PA TBI in standing 

position should undergo a CT simulation (for kidney block shape), body dimension 

measurement, chest x-ray (for lung blocks design), and ultra-sound (US) imaging (for 

blocks positioning). The whole process is tedious and labor intensive. 

 

 

Figure 4: The Beam's Eye View for (a) Bilateral Technique and (b) AP/PA Technique 

TBI. 

 

1.3 TBI recent development 

Previous study by Qi Zeng at Duke Kunshan University have proved that the 

dosimetric factors, such as absolute output, phantom scatter factors, off-axis ratios, 
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tissue-maximum ratios, and compensator transmission factors, calculated in the 

commercial treatment planning system (TPS, Eclipse) at the same geometry as TBI 

commissioning greatly agree with the TBI commissioning data measured at Duke 

University Medical Center. Their differences were all less than 2% in clinic range. [7] It is 

remarkable that the TPS agree well with the measurement at extended SSD because the 

beam data imported to Eclipse TPS was based on the measurement at standard SSD 

(around 100 cm) and extrapolated to extended SSD. More studies have shown the 

Eclipse Analytical Anisotropic Algorithm (AAA) algorithm is feasible for dose 

calculation at extended SSD. Hussain et al. compared the dose distribution measured in 

an inhomogeneous anthropomorphic phantom with the AAA calculation results at 

extended SSD (185 cm SSD), and showed their agreement was within ±2%.[8]  Another 

study showed the acceptable accuracy of AAA algorithms in isodose distribution for TBI 

at extended SSD (400 cm SSD).[9]  

These discoveries established the foundation to use TPS for TBI treatment 

planning and dose calculation, or at least a secondary tool to check or analyze the QA 

for the TBI plans. Compared with the simple point dose calculation done by the ‘TBI 

Calc’ program in Duke University Medical Center now, the treatment planning system 

can provide the three-dimension dose distribution in total body and provides more 

efficient way for treatment planning, modification, and verification. By using treatment 

planning system, the volume dose to each part of the patient could be estimated. TPS 
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could not design the compensators or beam spoiler automatically for conventional TBI 

treatment planning. Physicists may need to build the accessories do not exist in the TPS 

by themselves. However, more complex treatment plans, like IMRT and VMAT, can be 

applied on TBI patients in TPS directly. With TPS, patient specific quality assurance 

(QA) and the following analysis is available for TBI like other standard radiotherapy 

techniques. Thus, the TBI treatment will be in high quality and high accuracy. 

Since the radiotherapy techniques were developed rapidly in recent years, more 

and more institutions have pursued utilizing advanced techniques like electronic 

compensator (E-comp) technique[10], intensity modulated radiation therapy (IMRT), 

volumetrically modulated arc treatment (VMAT),[11-13] and TomoTherapy into TBI.[14] 

Roswell Park Cancer Institute in New York applies E-comp technique to TBI patients to 

reduce the procedures dealing with the physical compensators.[10] Tom Baker Cancer 

Centre in Canada has already applied VMAT techniques to deliver homogenous dose on 

over 100 patients.[15] In Japan, TomoHelical has been widely used for TBI treatment. The 

latest research show that TomoDirect can provide better dose distribution in low-dose 

TBI compared with TomoHelical TBI treatment plan.[16] The same goal of these studies is 

to ensure the dose homogeneity, dose delivery accuracy to the TBI patients, and reduce 

the complexity of the entire TBI process. Nevertheless, most of the studies did not 

provide adequate OARs shielding to the TBI patients. Some institutions did not have 

dose constrains for OARs as a clinical routine for low-dose TBI. 
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1.4 Overview of this project 

In this project, we try to develop a novel TBI technique that could be used in any 

linac room for TBI treatment. The reference technique is the AP/PA TBI in standing 

position. One of our goals is to provide adequate sparing of lungs and kidneys to reduce 

the complexity of dealing with block and stacks of brass compensators. We used MLCs 

for OARs shielding. Eclipse TPS will be used for TBI treatment planning, TBI treatment 

plans simulation, and total body dose distribution estimation. Moreover, patients will be 

in recumbent position which is more comfortable to the patients and reduce the 

extended SSD. Two advanced delivery techniques were considered for TBI treatment: 

3DCRT and IMRT. Optimization algorithm for the IMRT TBI treatment should be 

developed. New TBI technique should be verified based on the calculation and 

measurement results for phantom first and applied on real patient CT images to analyze 

its performance. A general workflow for the new TBI treatment method was also 

developed. 
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2. AP/PA TBI recumbent technique using IMRT 

2.1 Introduction 

To develop a promising TBI technique, the delivery technique should be 

determined first.  Both bilateral and AP/PA delivery techniques are popular in TBI 

treatment. However, recent study showed that bilateral TBI requires more MUs than 

AP/PA TBI (6MV photon beams) and the maximum lung dose could be much higher in 

bilateral TBI treatment.[17] One of the challenges of bilateral technique is to increase the 

mid-line thorax dose to satisfy the prescription while decrease the lung dose. Also, renal 

shielding is difficult to perform in bilateral case. Therefore, in this study, we investigate 

the potential of the novel AP/PA TBI technique.  

The currently used AP/PA TBI technique requires the patient to stand up on a 

TBI stand during the treatment. Though TBI stand support the patients, they could be 

uncomfortable and exhausted because of over 40 minutes treatment time. They may 

move their body unconsciously and affect the dose delivery accuracy, especially for 

lungs and kidneys protection. Additionally, patient position is not reproducible for 

standing up position. Therapists, physicists, and physicians need to position the blocks 

and compensators before every treatment. Compared with stand up position, recumbent 

position is much more comfortable to the patient, which could increase the 

reproducibility of the treatment position and the dose conformity. Thus, our novel TBI 

technique is an AP/PA TBI technique in recumbent position. 
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2.2 Choices for recumbent technique  

2.2.1 Recumbent position 

In this study, we try to reduce the discomfort of patients during treatment, 

ensure the treatment position reproducibility, and increase the dose delivery accuracy. 

Our hypothesis is that our patient could lie down on the couch or on a platform placed 

on the floor. These two options will lead to completely different set up. If patient lies 

down on the couch, to irradiate the whole body by rotating the gantry, the couch should 

be rotated to 90 degrees and move forward in the longitudinal direction (Fig. 5). 

Therefore, patient’s cranial-caudal axis will be in the gantry rotation plane. To reduce 

the number of fields and irradiate patient’s whole body, we increase the SSD by 

lowering the couch to the lowest level in vertical direction. From measurement, the 

distance from isocenter to the lowest level of the couch is 65 cm. The distance from 

source to phantom surface is about 145 cm. 

In another situation, when patient lies down on the stretcher on the floor, the 

stretcher should be placed in the same direction as the couch rotated to 90 degrees. As 

the stretcher placing on the floor could not move automatically or remotely, we prefer to 

rotate the gantry in order to irradiate the whole phantom rather than moving the 

stretcher. The gantry angle to cover patient’s whole body, the extended SSD, and the 

number of fields are measured manually in a standard treatment room. From 



 

13 

measurement, the distance from isocenter to the floor is 131 cm. If the stretcher or other 

platform is 5 cm above the floor, the distance from source to phantom surface is 206 cm.  

 

 

Figure 5: Illustration of the Couch Position for Recumbent Position TBI. 

 

Though additional platform is needed for lying down on the floor, the larger SSD 

compared with lying down on the couch could increase the treatment area per field. The 

maximum length irradiated by two abutting field in longitudinal direction is 173 cm on 

the couch and 192 cm on the floor. For average patient, at least three fields are needed to 

irradiate the whole body on the couch and only two fields for patient lying down on the 

floor. Using less field could greatly reduce the treatment time and the complexity of 

treatment planning. Therefore, recumbent position on the floor would be a better choice. 
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2.2.2 Advance radiotherapy technique 

3DCRT and IMRT are chosen to be the two potential radiotherapy techniques for 

the promising TBI method. 3DCRT technique can only deliver dose when gantry angle 

and MLCs positions are fixed. For most of the AP/PA TBI treatment plans in Duke 

University Medical Center, the typical prescription dose to the whole body is 800cGy. 

Both kidneys and lungs can only receive 25% of prescription dose (200cGy) to avoid 

damage caused by SSc.[6] However, when MLCs provide shielding to kidneys and lungs 

with 3DCRT techniques, part of the MLCs will also affect the dose on other part of 

patient’s body which is our target. Therefore, we needed to use at least three sub-fields 

to provide enough shielding to the critical organs while providing enough dose to the 

total body. Figure 6 shows one of the examples of the sub-fields for the AP field in 

3DCRT TBI treatment plan. For both lying down on the stretcher or on the couch 

treatment plans, we used sub-fields to deliver dose to the upper part of body. To deliver 

dose to the lower part of body, we used one or two open fields depending on the SSD. 

 

Figure 6: Illustration of Sub-fields for 3DCRT TBI Treatment. 
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Because of the extended SSD, beam divergency could lead to larger dose 

difference in one single field. In TBI treatment, we prefer using the largest field size, 

40×40 cm2, to cover larger area in one field to reduce the treatment time. In 3DCRT TBI 

treatment, we need to use at least two 40×40 cm2 field size to deliver dose to the whole 

body. If we use 3DCRT for AP/PA recumbent TBI treatment, to reduce the beam 

divergency effect, oblique entry beam should be avoided. During TBI treatment, the 

couch or the platform on the floor need to be moved between fields. This could lead to 

position uncertainty and introduce dose delivery error.  

Compared with 3DCRT technique, IMRT has less restriction. IMRT can reduce 

the ISL effect by fluence map optimization. Therefore, avoiding oblique entry beam is 

not necessary in IMRT TBI treatment planning, and the platform on the floor has no 

need to move between fields. The most obvious limitations of IMRT treatment is the 

split field number and the field sizes. Because the Varian MLC leaves are only 14.5 cm 

long, the distance from the leaf initial position to its limitation is 16.5 cm, including 2 cm 

X-jaw movement. Therefore, the maximum IMRT field width is about 32 cm.  When the 

IMRT field need more than one “sweep”, Eclipse will automatically split the fields. We 

noticed that when X-jaw opening less than 26 cm, only two split fields will be created. If 

more than 26 cm, split field number will increase. It is impossible to avoid split field in 

IMRT TBI treatment, though it will increase the treatment time. Additionally, the 

projection of the 26 cm field width is only 41 cm on the couch and 54 cm on the platform 
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placed on the floor.  When using IMRT technique in TBI treatment, patient should lie 

down on the floor. Nevertheless, IMRT can compensate the ISL effect and easily control 

the dose constrains to lungs and kidneys with proper optimization algorithm. Once the 

optimization algorithm is developed, IMRT has larger potential than 3DCRT in TBI 

treatment planning.   

 

2.3 Conclusion of promising TBI treatment planning 

To sum up, IMRT could reduce beam divergency effect, increase the dose 

conformity, and provide adequate sparing without using sub-fields and boost field. 

Since no optimization algorithm for TBI existed in Eclipse, an optimization algorithm 

should be developed. 3DCRT has advantage in this regard. Recumbent position on the 

floor can reduce the treatment time by increasing the SSD and enlarge the field size. 

Patient could be more comfortable in recumbent position. In this study, we tried to 

develop a recumbent AP/PA technique for TBI treatment.
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3. Treatment Planning 

3.1 Overview of treatment planning process 

We tried to develop a recumbent AP/PA TBI method that could be used in any 

linac room for any patient; however, the irregular body shape of patients could 

introduce uncertainty to treatment planning. Additionally, the next step is to verify the 

dose delivery accuracy in treatment room. We need to measure the dose profiles in vivo 

in different direction with and without shielding in order to compare with the 

calculation result in treatment planning system. This process needs several 

measurements. Therefore, our measurement should be solid water phantom based but 

not patient based, and our simulation plans in treatment planning system should be 

water equivalent phantom based.  An optimization algorithm was developed for 

phantom study first, and then improved for real patient study. 

3.1.1 Program workflow 

A phantom or patient CT image is imported into Eclipse first. For both phantom 

and patient, we contoured lungs and kidneys for following dose assessment. To verify 

our hypothesis that IMRT has larger potential in TBI treatment, both 3DCRT and IMRT 

in recumbent position on the floor are simulate for phantom in Eclipse. The workflow of 

3DCRT case is simple, we created the open field for total body irradiation except for the 

critical structure. The OARs are shielded during body irradiation, and a boost field was 

generated after body irradiation.  
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For IMRT, the general workflow is shown in Figure 7. we generated original 

IMRT TBI treatment plans and the original optimal fluence for each field in Eclipse 

treatment planning system. In the original optimal fluence map, we assigned the 

transmission factors at each pixel to be one (1) as a start point for the optimization, and 

then assigned another specific value to lungs and kidneys to provide adequate shielding 

for critical structures.  By changing the transmission factors to kidneys and lungs from 0 

to 0.3, we acquired the specific value of transmission factors to reduce the kidneys’ and 

lungs’ mean dose to 25% of the prescription dose.  

 

 

Figure 7: The workflow for IMRT TBI Treatment Planning. 

 

The dose matrix of the phantom was acquired after dose calculation with the 

original optimal fluence maps. As the inputs of the optimization algorithm, the three-

dimensional dose matrix for the whole phantom and the original optimal fluence maps 

were exported from treatment planning system into the optimization algorithm. The 

output of the optimization algorithm was the optimized fluence map. Importing the 
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optimized fluence map back to the original treatment plan, we could analyze the dose 

distribution either in Eclipse or in MATLAB. After several iterations when the dose 

homogeneity was acceptable (less than ±10% of prescription dose), the treatment plan 

with the final fluence map became the final treatment plan. The dose delivery accuracy 

could be verified by IMRT QA with portal dosimetry. Once the QA passed our criteria, 

the plan could be applied in clinic. 

3.1.2 Optimization process 

An iterative optimization algorithm was developed in MATLAB. The goal of 

optimization is to increase the dose uniformity in the mid-plane of the phantom/patient 

as high as reasonably achievable. Any point in the fluence map has a corresponding 

projection on the mid-plane of the dose matrix. For example, in Figure 8, we assumed 

that point A is in the fluence map with original fluence f0, the projection of point A in the 

mid-plane of the dose matrix is A*. 

 

Figure 8: Illustration of the Relative Position of Point A and its Projection A* 

at the mid-plane. 
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If the dose at point A* is DA and the prescription of A* is Rx, then we introduced 

a correction factor CF at this point for the optimization: 

𝐶𝐹 =
𝑅𝑥

𝐷𝐴
 

With the correction factor, we calculated the corrected transmission factor fA at 

point A: 

𝑓𝐴 = 𝑓0 × 𝐶𝐹 = 𝑓0 ×
𝑅𝑥

𝐷𝐴
 

One iteration of the optimization starts with finding the projection in the dose 

matrix for each pixel in the fluence map and ends up with calculating the corrected 

transmission factor for each pixel in the fluence map. Though we can conduct the 

optimization for each pixel of the optimal fluence map with the two-dimensional mid-

plane dose matrix extracted from the three-dimensional dose matrix, we initially 

considered only the mid-line dose homogeneity for phantom. Therefore, the 

optimization algorithm for phantom is a simplified one-dimensional optimization 

problem. For each pixel in the same row of the fluence map, they shared the same 

correction factor CF, i.e., we assigned the same fluence to the pixels on the same row. 

This correction factor is obtained from the point whose projection is in the mid-line of 

the phantom.  

We usually need more than one iteration to achieve that the dose difference 

between DA and Rx should less than 10% Rx. When the fluence map imported to TPS, 
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the actual fluence could be different from imported fluence. The typical size for the 

fluence map of a 25×40 cm2 field size is 108×168. The actual fluence was generated by the 

movement of 40 pairs MLCs. Although the adjacent transmission factors of 4 to 5 lines in 

the imported fluence map computed in the optimization algorithm have different 

values, they could be the same in actual fluence computed in TPS. To reduce the 

difference, the surrounding transmission factor in fluence map could not have too large 

difference, because the MLCs movement is also restricted by the moving speed and 

distance. Therefore, the optimization algorithm used a median filter for fluence map 

smoothing. Scatter dose could change after each iteration and increase the uncertainty of 

the dose homogeneity. Since the optimization algorithm did not consider the scatter 

effect, the dose received by patients could get more closer to the prescription dose after a 

few iterations.  

Body detection is another important part in optimization algorithm. Instead of 

importing the body contour into optimization algorithm, the body detection is based on 

the three-dimensional dose matrix computed in TPS. The junction of zero values and 

non-zero values in the dose matrix is the edge of patient body. Considering patient 

movement during long time TBI treatment, skin flash could be applied to patient by 

expanding the irradiation area in fluence map. 
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3.2 Phantom study 

A 30 cm wide, 20 cm thick, 180 cm long water equivalent phantom was created in 

treatment planning system to represent a typical patient size. Based on the measurement 

data from the previous patient, we contoured the approximate locations of the lungs and 

kidneys in phantom. Therefore, we can estimate the volume dose for lungs and kidneys 

in different cases and compare them. To reduce the complexity of block making and 

verification, we used MLCs for kidneys and lungs shielding for both 3DCRT and IMRT 

cases. Additionally, fourteen (14) 3 cm diameter spheres were contoured at 10 cm 

intervals on the phantom mid-line, except for the region close to lungs and kidneys. 

These spheres were used for plan dose normalization to represent the target volume of 

the treatment plan. The relative position of lungs, kidneys, and the spheres are shown in 

Figure 9.  

 

Figure 9: Phantom Used for Treatment Simulation. 
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For all treatment plans simulated in treatment planning system, we use AAA 

algorithm for dose calculation which is a standard dose calculation algorithm for photon 

external radiotherapy on Eclipse. It is accurate and fast enough, even for the whole 

body. Since AP and PA direction were symmetric, the dose uniformity has been 

analyzed by the dose delivered in AP direction only. 

3.2.1 Treatment Planning 

3.2.1.1 3DCRT TBI for phantom 

The setup information for 3DCRT treatment planning is shown in Table 1. 

Treatment plan 1 mainly had three treatment fields. To provide shielding for lungs and 

kidneys, AP1 irradiating the superior part of phantom separated to three sub-fields. 

These three sub-fields did not overlap with each other, and their total field size was 

40×40 cm2 with 339° gantry rotation. Another boost field also with 339° gantry rotation 

only provided additional dose to lungs and kidneys with much smaller field size in 

10×15 cm2 (Fig. 10). Field AP2 irradiating the inferior part of phantom with 21° gantry 

rotation. To irradiate the whole phantom, treatment plan 1 utilized the gantry rotation 

rather than platform movement. However, 3DCRT could not solve the ISL problem. As 

an alternative option, treatment plan 2 kept the gantry at 0 degree. The platform should 

be moved between Field AP1 and AP2. Similar with treatment plan 1, AP1 in treatment 

plan 2 also separated to three sub-fields. One boost field was for additional lungs and 
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kidneys irradiation as well.  The field size for AP2 was also 40×40 cm2 to irradiate the 

inferior part of phantom. 

 

Table 1: The Setup Information for 3DCRT TBI Treatment Planning. 

 

 

 

Figure 10: Beam's eye view of the Boost Field for Lungs and Kidneys in 

3DCRT TBI Treatment. 

 

Treament 

Plan
Field

Number of 

Sub-fields

Field 

Weight
Field Size Gantry Angle

Collimator 

Rotation

AP1 3

AP2 0

Boost 0 0.15

AP1 3

AP2 0

Boost 0 0.15

1

1
2

1

  ×       

339°

 °

21°
  ×       

9 °
339°

1 × 1     

1 × 1     
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The simulation result of phantom mid-line dose profile in Eclipse for treatment 

plan 1 is shown in Figure 11. Figure 11 (a) and (b) show the phantom mid-line dose 

profiles when using open field (Fig. 11a) and providing shielding to lungs and kidneys 

by three sub-fields (Fig. 11b) respectively. 

 

Figure 11: Mid-line Dose Profiles for 3DCRT Treatment Plan 1 with (a) Open 

Field; (b) OARs Shielding; (c) OARs Shielding and Boost. 
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In the dose profiles, x-axis is the distance to the center of the phantom mid-line. 

The superior part of phantom located on the negative axis, and the inferior part of 

phantom located on the negative axis. From the total dose profile without and with 

OARs shielding, the dose near the center were always higher than the dose far away 

from the phantom center. The dose difference between the center and the phantom 

boundary in the longitudinal direction could be more than ±20% of the prescription 

dose. Obviously, this method did not satisfy our criteria, and it is not suitable for TBI 

treatment.  

Another 3DCRT treatment plan avoided using oblique entry beam to reduce the 

ISL effect. The simulation result of phantom mid-line dose profile in Eclipse for 

treatment plan 2 is shown in Figure 12. In Fig.12a, the relative flat dose profile shows 

less than ±5% prescription dose except for the junction of two abundant fields. However, 

when providing shielding to lungs and kidneys, obvious fluctuation appears in the 

superior part. The fluctuation could increase the dose homogeneity to more than ±5% 

prescription dose.  
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Figure 12: Mid-line Dose Profiles for 3DCRT Treatment Plan 1 with (a) Open 

Field; (b) OARs Shielding; (c) OARs Shielding and Boost. 

 

In Eclipse, we also calculated the volume dose to lungs and kidneys. The dose to 

lungs and kidneys before shielding, after shielding, and with boost field are shown in 

Table 2. From the result, the lowest dose is 13% to lungs and 21% in average with 
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shielding. Both treatment plan 1 and 2 could control the mean dose to lungs and kidneys 

to around 25% prescription dose by adjusting the field weight of boost field. These two 

treatment plans have similar performance in OARs shielding.  

 

Table 2: The Dose to Lungs and Kidneys before Shielding, after Shielding, and with 

Boost Field. 

 

 

Compared with 3DCRT treatment plan 1, treatment plan 2 showed much better 

dose homogeneity and satisfied the TBI criteria. However, every field in treatment plan 

2 was in  ° gantry angle, which means the platform should be moved between fields. To 

ensure the dose conformity, patient and platform positioning could be time consuming 

and labor intensive. If the platform could connect to the linac and move automatically 

between fields, this method could be more feasible. However, compared with the 

frequency of TBI treatment, it is not necessary to develop an expensive facility.  

Lt_Lung Rt_Lung Lt_Kidney Rt_Kidney

Open Field 95.4 95.3 91.2 91.7

With Shielding 11.9 12.9 19.8 21.0

Add Boost 25.0 26.0 31.9 33.1

Open Field 97.0 96.9 87.5 88.0

With Shielding 13.3 14.1 21.7 22.7

Add Boost 26.7 27.4 33.3 34.3

OARs Mean Dose (% prescription dose)

Treatment Plan 1

Treatment Plan 2
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3.2.1.2 IMRT TBI for phantom 

The setup information for IMRT TBI treatment planning is shown in Table 3. AP1 

irradiated the superior part of phantom with 339° gantry rotation, and AP2 irradiated 

the inferior part of phantom with 21° gantry rotation. To reduce the number of split 

fields, the field size for both AP1 and AP2 is 25×40 cm2. SPD is 216 cm from the source 

phantom mid-plane.  

 

Table 3: The Setup Information for IMRT TBI Treatment Planning. 

 

 

The original optimal fluence maps were shown in Figure 13. The shielding area 

for lungs and kidneys are outlined based on the lungs and kidneys contour, which are 

labeled in Fig.13. The original transmission factor to lungs and kidneys are 0.15, and to 

other regions are 1. To investigate the specific value of transmission factor to lungs and 

kidneys, we did another independent simulation. By only changing the transmission 

factor to lungs and kidneys from around 0 (0.0001) to 0.3, we calculated the mean dose 

and the point dose at the center of OARs for lungs and kidneys in Eclipse.  

 

Gantry Angle Collimator Angle Field Size SPD

216 cm

Field / Location

AP1 / Superior

AP2 / Inferior

339°

21°

2 ×       9 °
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Figure 13: The Initial Fluence Maps of IMRT TBI Treatment Planning for 

Phantom. 

 

Results for the calculation is shown in Table 4.  From the result, we found out 

that the lowest dose to lungs and kidneys is around 21% of prescription dose. Because of 

the scatter inside phantom or patient, we could not reduce the lungs and kidneys dose to 

0.  Additionally, when transmission factor is 0.15, lungs and kidneys dose got closer to 

25% of prescription dose. Therefore, the initial transmission factor assigned to lungs and 

kidneys were 0.15. 
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Table 4: The Dose for Lungs and Kidneys Calculated with Different Transmission 

Factors. 

 

 

The dose matrix calculated with the initial optimal fluence was imported to the 

optimization algorithm together with the initial fluence map. The output of the 

algorithm is the optimized fluence map shown in Figure 14. Skin flash was not 

considered in phantom study.  

 

 

Figure 14: The Optimized Fluence Maps of IMRT TBI Treatment Planning for 

Phantom. 

0.0001 0.1 0.15 0.2 0.25 0.3

Point Dose 

(Center)
17% 24% 28% 30% 32% 34%

Mean Dose 20% 26% 30% 32% 34% 36%

Point Dose 

(Center)
17% 20% 23% 25% 27% 29%

Mean Dose 22% 25% 28% 29% 31% 33%

* The unit of dose in this table is (%) of prescription dose. 

Transmission Factor for OARs

Lungs

Kidneys
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The gradient changed transmission factor in the optimized fluence map is to 

compensate the oblique entry beam and improve dose homogeneity. These optimized 

fluence map were imported back to Eclipse for MLC leaf sequencing and dose 

calculation, and the dose matrix should be exported again. Since the MLCs movement 

were restricted by the MLC length, moving speed and distance, the actual fluence could 

be different from the imported fluence. Iteration could reduce the difference between the 

actual fluence and the imported fluence. The dose homogeneity was analyzed in 

MATLAB by their mid-line dose profiles. The mid-line dose profile for phantom before 

optimization, after first time optimization, after second time optimization, and after 

third time optimization are shown as blue curve in Figure 12. The 0 cm distance in the 

middle of these dose profiles represent for the location in the center of the phantom, 

which is the junction of two abutting field. During the dose homogeneity analysis, we 

ignored the low dose in the small region of center. The dose profile for the superior part 

of the phantom is on the left side and for the inferior part of the phantom is on the right 

side.  

From Fig.15, the dose difference of mid-line dose profile before optimization was 

over ±20% of prescription dose. After the first iteration, the dose difference become less 

than ±10% of prescription dose; however, the dose profile still showed a descending 

trend in the inferior part. The dose difference after second optimization reduce to less 

than ±5% of prescription dose. The fluctuation in dose profiles near the central regions 
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were affected not only by the scatter from the abutting fields (green lines and red lines in 

Fig.15) but also by the difference of transmission factors between the imported fluence 

and the actual fluence. Except for the fluctuation near the center, the overall profile has 

been smoothed and became more closer to the prescription dose. After second iteration, 

the divergency effect has been reduced to be negligible. We also found out that the dose 

profile after the third iteration did not improve significantly, compared with the dose 

profile after the second iteration.  

 

 

Figure 15: The Mid-line Dose Profile for Phantom before and after 

Optimization in IMRT TBI Treatment Planning. 
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3.2.2 Measurement 

3.2.2.1 In phantom measurement 

To verify the simulation result in Eclipse, we performed a measurement in a linac 

room based on the IMRT treatment plan discussed above. The treatment plan after 

second iteration was chose to be our delivered plan. Before the measurement for the 

IMRT treatment plan, the first measurement is to verify the measurement procedure, 

detector performance, and the setup accuracy. A 30×30×20 cm3 solid water phantom was 

placed under a 15×15 cm2 open field at 100 cm SSD. The parallel plane chamber was 

placed at 10 cm depth from the phantom surface. Using a 6MV photon beam to deliver 

100MU. After the measurement, compared the first measurement result with the 

databook data in Duke University Medical Center.  

Results of the percent depth dose (PDD) curve for the first measurement are 

shown in Figure 16. The PDD curve is normalized to 10 cm depth. The calculation result 

in Eclipse and databook data are also plot in the same figure. Compared with the 

measurement result with the databook data, all the percent errors at depth larger than 1 

cm are less than 4% (Figure 17). The measurement results agree with the calculation 

results and the databook data. Therefore, our measurement for the TBI treatment plans 

will be credible. To increase the precision of dose profile measurement, we used an ion 

chamber which had been calibrated for the dose profile measurement. 
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Figure 16: The Percent Depth Dose Curve for the First Measurement. 

 

 

Figure 17: The Percent Error between the First Measurement Results and the 

Databook Data. 
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One longitudinal mid-line dose profile and two transverse dose profiles, going 

through lungs and upper legs respectively, are measured. Figure 18 shows the relative 

position of these three dose profiles. The prescription dose of the treatment plan for only 

AP direction is 12.5 cGy (12.5% of 100 cGy), which reduce the treatment time to one-

eighth.  The measurement data for the longitudinal dose profiles are shown in Table 5. 

This longitudinal dose profile is the sum of the measurement for AP1 and AP2 field. 

Figure 19 shows the measurement data for AP1 and AP2 field separately. The scatter 

from one field could deposit significant dose (>2% prescription dose) until 25 cm away 

from the field edge. The scatter dose from adjacent field increase the dose uncertainty 

and fluctuation in the center of the longitudinal dose profile. The comparison between 

the measurement results and the calculation results before and after optimization for the 

longitudinal dose profile is shown in Figure 20. 

 

 

Figure 18: Illustration of the Relative Position for the Longitudinal Dose 

Profile and the Transverse Dose Profiles. 
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Figure 19: Measurement Results for Longitudinal Dose Profile 

 

 

Figure 20: The Longitudinal Dose Profiles for Phantom before and after 

Optimization. 
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In Figure 20, the grey curve was the dose calculated in Eclipse before 

optimization. The dose difference exceeded ±20% prescription dose (from 83% to 120% 

prescription dose). After second optimization, the absolute dose difference calculated by 

Eclipse had reduced to 5.5% prescription dose (from 96.5% to 102% prescription dose). 

Though the measurement results after optimization (blue dots) did not perfectly agree 

with the calculation result (orange curve), they were very close to each other. The 

absolute dose difference for measurement is 3.8% prescription dose (from 97.8% to 

101.6% prescription dose). From the results, only two times optimization could greatly 

improve the dose homogeneity to within ±3% prescription dose. 

The dose profiles for two transverse dose profiles, going through lungs and 

upper legs, are shown in Figure 21. The measurement data and calculation data are 

shown in Table 6 and Table 7. From the dose profile trough lungs, optimization kept 

lung dose at around 25% prescription dose, and increase the dose to around 100% 

prescription dose at the surrounding region of lungs. The measurement dose near the 

phantom boundary is unexpected high, because the measurement point was always in 

the center of the 30×30×20 cm3 solid water phantom which provided additional scatter 

dose. However, the boundary of the phantom in Eclipse and for the real patient do not 

have that additional scatter dose, which means the high dose measured at phantom 

boundary is not convincible. Compared with the measurement result and calculation 

result in Eclipse except for the points at the boundary, they agreed with each other. 
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Therefore, the boundary of phantom would also receive around 100% (96% to 99%) 

prescription dose like the calculation result in Eclipse. To ensure the accuracy of dose 

measurement through lungs, we used farmer chamber but not the parallel plane 

chamber used for PDD measurement. Figure 22 shows the transverse dose profile 

through lungs measured by parallel plane chamber. The dose near the lungs’ edge 

showed significant difference between measurement and calculation. Parallel plane 

chamber measured the average dose incident to its detector. The sharp dose gradient 

near the boundary of lungs would introduce error to the dose measured by parallel 

plane chamber. Therefore, farmer chamber with smaller detector could increase the 

measurement accuracy.  

From the transverse dose profile through upper legs, we found out an 

improvement for the overall dose profile. The average dose of the dose profile is 96.9% 

prescription dose before optimization and 99.8% (2.9% prescription dose improvement) 

after optimization. The measurement result near the boundary showed higher value 

because of the addition scatter dose from the phantom. From the measurement result, 

Eclipse TPS performed well in the extended SSD TBI treatment calculation.  
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Figure 21: The Transverse Dose Profiles for Phantom before and after Optimization 

by Farmer Chamber. 

 

 

Figure 22: Transverse Dose profile through Lungs Measured by Parallel Plane 

Chamber. 
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Table 5： Comparison of Measurement Results and Calculation Results for 

Longitudinal Dose Profile. 

 

Absolute Dose 

(cGy)

Relative Dose 

(cGy)

Absolute Dose 

(cGy)

Relative Dose 

(cGy)

90 12.5 100.0 11.2 89.9 11.2

85 12.6 100.7 12.5 99.8 0.9

80 12.4 99.6 12.6 100.6 -1.0

75 12.4 99.6 12.7 101.6 -2.0

70 12.3 98.8 12.7 101.3 -2.5

65 12.5 100.0 12.7 101.4 -1.4

60 12.5 100.4 12.7 101.3 -1.0

55 12.5 100.4 12.7 101.5 -1.1

50 12.5 100.0 12.7 101.3 -1.3

45 12.6 100.6 12.7 101.4 -0.8

40 12.6 101.1 12.7 101.3 -0.2

35 12.6 101.1 12.7 101.6 -0.4

30 12.6 100.7 12.6 101.1 -0.4

25 12.7 101.6 12.4 99.2 2.4

20 12.7 101.4 12.6 100.8 0.6

15 12.6 100.5 12.5 100.0 0.5

10 12.6 100.5 12.5 99.8 0.7

5 12.6 100.8 12.4 99.4 1.4

0 12.2 97.4 10.7 85.7 13.7

-5 12.3 98.6 12.5 100.3 -1.7

-10 12.3 98.5 12.6 100.8 -2.3

-15 12.3 98.6 12.6 100.8 -2.3

-20 12.4 99.4 12.7 101.3 -1.9

-25 12.5 99.6 12.5 100.4 -0.7

-30 12.2 97.8 12.6 100.6 -2.7

-35 12.4 99.0 12.5 100.3 -1.3

-40 12.4 98.9 12.5 99.7 -0.8

-45 12.5 99.8 12.5 100.0 -0.1

-50 12.5 100.2 12.6 100.5 -0.2

-55 12.6 100.4 12.6 100.5 -0.1

-60 12.6 101.0 12.6 100.5 0.5

-65 12.7 101.2 12.7 102.0 -0.8

-70 12.6 100.4 12.6 101.2 -0.8

-75 12.4 99.4 12.5 100.0 -0.5

-80 12.3 98.5 12.3 98.6 -0.1

-85 12.3 98.1 12.1 96.5 1.7

-90 11.9 95.3 11.0 88.2 8.0

Distance to 

Mid-line (cm)

Measurement Calculation

+/- error (%)
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Table 6: Comparison of Measurement Results and Calculation Results for Transverse 

Dose Profile (through lungs). 

 

 

Table 7: Comparison of Measurement Results and Calculation Results for Transverse 

Dose Profile (through upper legs). 

 

 

Absolute Dose 

(cGy)
Relative Dose (%)

Absolute Dose 

(cGy)
Relative Dose (%)

-15 13.5 107.9 12.2 97.9 10.2

-12 11.1 88.6 10.8 86.1 2.9

-9 4.2 33.8 3.7 29.6 14.1

-6 4.1 32.4 3.8 30.2 7.4

-3 11.0 88.2 10.4 83.2 6.0

0 12.6 100.4 12.6 100.7 -0.2

3 11.8 94.7 11.5 92.3 2.7

6 4.2 33.4 3.9 31.1 7.4

9 4.1 32.6 3.6 28.9 12.7

12 9.4 75.1 8.0 63.9 17.6

15 13.5 107.9 12.1 97.1 11.2

Measurement
Distance to 

Center (cm)

Calculation (AAA)

± error (%)

Absolute Dose 

(cGy)
Relative Dose (%)

Absolute Dose 

(cGy)
Relative Dose (%)

-12 12.8 102.5 12.1 97.1 5.6

-9 12.9 103.2 12.5 99.8 3.3

-6 12.9 102.9 12.6 100.8 2.0

-3 12.6 100.7 12.6 100.9 -0.2

0 12.3 98.3 12.5 100.0 -1.7

3 12.5 100.0 12.7 101.3 -1.3

6 12.8 102.3 12.6 101.0 1.3

9 12.8 102.6 12.5 99.8 2.8

12 12.8 102.6 12.1 97.1 5.7

Distance to 

Central Axis (cm)

Measurement Calculation (AAA)

± error (%)
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3.2.2.2 IMRT QA and treatment position verification 

As an IMRT TBI treatment plan, though Eclipse treatment planning system could 

calculate dose in high accuracy, patient specific QA is necessary before treatment to 

ensure the dose delivery accuracy. To investigate the feasibility of QA for TBI treatment, 

we tried to carry out an IMRT QA with portal dosimetry for the previous treatment 

plan. Results of the is shown in Figure 23. All four fields pass the gamma evaluation. We 

could also analyze the dose delivery accuracy by comparing the portal dose and 

predicted dose in any direction. In this case, IMRT QA with portal dosimetry showed 

excellent agreement.  

To ensure the dose conformity, especially for the critical organs, patient position 

should be verified. For the recumbent position on the floor, we tried to place a computed 

radiography (CR) film under the platform like the set up shown in Figure 24 (a). A 

phantom was placed on the platform, and a few setup fields consisting of the shapes of 

lungs and kidneys with a low dose were delivered to verify the shielding position. The 

film could be read out before treatment for patient position verification. Figure 24 (b) 

shows an example of the CR film image, which shown the coverage of lungs and 

kidneys outline, with the underlining anatomy clearly. If the image shows unacceptable 

displacement, therapists and physicists can adjust the patient position based on the CR 

film image before treatment. 
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Figure 23: The Result of IMRT QA with Portal Dosimetry. 
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Figure 24: (a)The Illustration of CR Film Position; (b) CR Film Image for 

Phantom. 

 

3.2.3 Discussion 

From phantom study, we simulated the 3DCRT and IMRT treatment plan in 

Eclipse. From the results, 3DCRT cases could not solve the beam divergency effect. One 

solution is to move the platform on the floor, which could restrict the dose homogeneity 

within ±10% prescription dose. However, the shielding and boost for the OARs should 

be done manually, which is time consuming. Also, the platform is not connected with 

the linac and cannot move automatically. If we need to move the platform between 

fields, it could be labor intensive. Patient may need to get up from the platform between 

fields, or therapists and physicists may need to move the platform when patient lying 

down on it. It could increase the treatment position uncertainty that therapists should 
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spend more time to verify the patient position. Thus, 3DCRT is not suitable for TBI 

treatment. 

Since IMRT could reduce the ISL effect by optimizing the fluence map, it was 

unnecessary to move the platform between fields and patient position will be more 

stable. Though Eclipse did not provide an optimization algorithm feasible for TBI 

treatment, we developed an algorithm based on the relationship between the 

transmission factor and the prescription dose. From the result, the original fluence after 

two times optimization could reduce the dose homogeneity from ±20% prescription dose 

to ±3% prescription dose. Meanwhile, lung and kidneys still received around 25% 

prescription dose. The calculation results in Eclipse had been verified by measurement 

in linac room. Additionally, IMRT QA could be carried out with portal dosimetry, and 

the treatment fields could be verified in-vivo by CR film.  

Compared with 3DCRT, IMRT TBI allows excellent sparing of lungs and kidneys 

and improve the dose homogeneity. Treatment planning for IMRT TBI do not need to 

consider about sub-fields, boost field, and field weight. The optimization algorithm is 

straight forward and highly efficient. Therefore, the AP/PA recumbent position IMRT 

TBI has large potential for clinical application. 

 



 

47 

3.3 Patient CT images 

3.3.1 Additional considerations for patient CT images 

3.3.1.1 CT scan and body dimension measurement 

To generate an IMRT TBI treatment plan in the Eclipse TPS, patient CT image is 

necessary. For dose distribution analysis, we need the whole-body CT simulation. 

Usually there is a length limitation for CT scan. Compared with the inferior part of 

body, superior part includes all critical structures. A CT scan can carry out from head to 

midthigh and Eclipse has a function to extend the CT scan by replicating the last CT slice 

from midthigh to the feet.[15] If necessary, CT scan can perform for both supine and 

prone position to confirm that one of their CT images could be acquired by flipping 

another one. Patient’s length should be measured when patient is lying down on the 

couch in the simulation room. Therefore, the novel IMRT TBI technique do not need to 

measure the patient’s dimension like the traditional TBI treatment. Figure 25 shows an 

example of the patient CT image with leg extension. The CT could be taken in 0.5 cm to 

1 cm slice thickness or resampled in Eclipse to reduce the computation time for dose 

calculation. In this study, the CT slice thickness is 0.5 cm. 
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Figure 25: The Patient CT Image with Leg Extension. 

 

3.3.1.2 Effective mid-plane 

In phantom study, the dose homogeneity analysis was based on the dose 

difference in the phantom mid-line. Phantom was in regular shape and made of 

homogeneous water equivalent material. The dose distribution in phantom was an ideal 

situation and could be different from in real patient. The optimization algorithm 



 

49 

developed for IMRT TBI treatment, one of the most important input is dose matrix. 

From the dose matrix, we extracted the mid-line dose profile for optimization and dose 

homogeneity analysis. Nevertheless, considering patient anatomy, the thickness of 

patient from lateral to the middle and from head to feet could be various. Moreover, the 

immobilization device, such as head rest, could introduce body displacement.   

The definition of an effective mid-plane is a plane inside the patient that AP 

beam and PA beam will go through the same distance when arrive at this “plane”. For 

patient, the effective mid-plane is more likely to be an undulating surface rather than a 

two-dimensional plane. None of the coronal plane from patient CT image could be the 

mid-plane that can represent for the dose homogeneity, which means the effective mid-

plane is not visualized in Eclipse. Figure 26 show the sagittal view of a patient CT image. 

The yellow line on the left figure is the intersection of the real mid-plane in coronal 

direction and sagittal direction, which could not represent for an effective mid-plane 

because of the asymmetric depth for AP beam and PA beam. The red line on the right in 

Fig.26 simulate the intersection of the effective mid-plane in coronal direction and 

sagittal direction.  
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Figure 26: Comparison of mid-plane in CT image and the effective mid-plane. 

 

We developed our optimization algorithm for patient CT image. One slice of the 

patient CT image in shown in Figure 27. The coordinate is labeled in the upper left 

corner. To find out the effective mid-plane from the definition, we need to find out the 

body boundary in the optimization algorithm. Body contour created automatically in 

Eclipse could help us to identify the coordinate of the body contour. However, on more 

input could increase the complexity of the optimization algorithm. One of our original 

input is the three-dimensional dose matrix of the body. Since the dose could only 

 



 

51 

deposit inside patient body, we could use the dose matrix data for patient body 

dimension detection. We assumed that the body contour was at the junction of zero (0) 

and other non-zero values in the dose matrix. 

Two methods were used for effective mid-plane calculation. In method 1, each x 

value corresponds to a dose value that should be projected to the two-dimensional 

effective mid-plane dose matrix. For any line X=x going the patient, we could find the 

minimum (yx_min) and maximum (yx_max) value of y coordinate near patient’s skin.  When 

the average of yx_min and yx_max is yx_avg, the dose at point (x, yx_avg) should be projected to 

the effective mid-plane dose for x in this slice. In method 1, any x value at every slice 

have their own projected dose. If we calculated the effective dose for each x and each 

slice for one patient CT image, we could acquire a complete effective dose matrix for 

dose homogeneity evaluation. 

 

Figure 27: Illustration of the Effective Mid-plane with a CT Slice through 

Patient’s Abdomen. 
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Similar with phantom study, we could use the effective mid-line dose for fluence 

optimization. In method 2, for each slice, we only considered the effective dose in the 

middle of x (xmid). The dose at point (xmid, yx_avg) become the effective dose for any x value 

in this slice. Thus, in method 2, every slice only has one projected dose which is the dose 

at point (xmid, yx_avg). It could reduce the computation time and improve the efficiency. 

However, usually there is gap between two legs (Figure 28). For the inferior part, we 

projected the mean dose at the center of two legs in each slice to the corresponding row 

of the effective mid-plane dose matrix, instead of projecting the dose at point (xmid, 

yx_avg). If the coordinate of the center point for these two legs are (xRt, yRt_mid) and (xLt, 

yLt_mid), the average dose at (xRt, yRt_mid) and (xLt, yLt_mid) should be projected to the 

effective mid-plane as the effective dose for any x value in this slice. 

 

Figure 28：Illustration of the Effective Mid-plane with a CT Slice through Patient’s 

Legs. 
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We did not consider placing the patient’s two legs closer to avoid the gap 

between legs. Though two legs could place closer, patient’s anatomy is irregular and the 

thickness in the middle between two legs could be various and not stable. In addition, it 

is not necessary to take a whole-body CT scan. The CT slice for legs could be constructed 

by replicating the last CT slice from midthigh to the feet. Gap is hardly avoided between 

thighs. Therefore, projecting the mean dose at the center of two legs or the dose at the 

center of one of the legs in each slice to the corresponding row of the effective mid-plane 

dose matrix could be more practical.  

In this study, the effective mid-plane dose matrix was calculated with method 1 

and 2. We used the effective mid-plane dose matrix by method 1 to evaluate the dose 

homogeneity and method 2 for optimization. The setup information for the simulation is 

shown in Table 8. For patient, we considered both AP and PA fields. The setup gantry 

rotation for AP and PA field is the same in treatment room; however, Eclipse cannot flip 

the patient between AP and PA. Therefore, the gantry rotation for PA field is 2 1° for 

Sup.2 and 1 9° for Inf.2 in Eclipse simulation. In TBI treatment, the absorbed dose rate is 

more important compared with the overall treatment time.[18] For any patient, the 

absorbed dose rate is recommended to be less than 15 cGy/min to reduce the 

radiotoxicity and late effect to the OARs.[19]  
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Table 8: The Setup Information for IMRT TBI Treatment planning. 

 

 

3.3.2 Results 

The original fluence maps for four fields were shown in Figure 29. The original 

transmission factor to lungs and kidneys is 0.15 and to other regions are 1.  We 

calculated the dose with the original optimal fluence and import it to the optimization 

algorithm. The results of effective mid-plane dose matrix from two different methods 

were shown in Figure 30. The dose to head and neck, and lower legs were much lower 

than the dose to abdomen. We could further investigate the dose distribution by 

acquiring the dose profile from the effective mid-dose plane calculated by method 1. 

Two longitudinal dose profiles through mid-line (blue line in Fig. 30), and OARs and 

legs (green line in Fig. 30) were shown in Figure 30. The relative position of head (H), 

Beam Entry Direction 

/Patient Position

Field Sup.1 Inf.1 Sup.2 Inf.2

Gantry Angle

Field Size

Treatment Coverage

SAD

Prescription / Field

Typical MUs 2500 1800 2500 1800

Absorbed Dose Rate

AP / Supine PA / Prone

100 cGy / Fraction

< 15 cGy/min

 216 cm

339° 21° 339° 21°

2 ×         32 ×       for large patient)

  × 19         × 19     for large patient)
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lung (L), kidney (K), center of patient (C), and feet (F) were labeled. The number of CT 

slices relative to the distance to feet (slice thickness is 0.5 cm). 

 

 

Figure 29: The Initial Optimal Fluence Map for Patient. 

 

 

Figure 30: The Effective Mid-Plane Calculated by (a) Method 1  

and (b) Method 2. 
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Figure 31: The Longitudinal Dose Profiles for Patient before Optimization. 

 

Because the gap between two legs in mid-line, the mid-line dose profile showed 

a low dose region from feet to center. From Fig. 31(a), the dose difference for superior 

field was more than ±20% prescription dose. From Fig. 31(b), the dose difference for 

inferior field was more than ±15% prescription dose, while both lungs and kidneys 

receive around 30% prescription dose. The pseudo mid-plane dose in Fig. 30 was used 

for first optimization. Each pixel in the fluence map corresponded to the current dose 

value in the pseudo mid-plane dose matrix. From the relationship between the 

prescription and the current dose, we calculated the correction factor (CF) for this pixel. 

The optimization process is the same as what we used for phantom. 
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Figure 32: The Optimal Fluence Map for Patient after Optimization. 

 

The fluence map after first, second, and third iteration for optimization without 

skin flash are shown in Figure 32. The fluence map did not change significantly after 

second optimization. The effective mid-plane dose matrix from two methods are shown 

in Figure 33. The effective mid-plane dose matrix indicated that the overall dose 

uniformity had been improved by optimization and the mid-plane dose get more closer 

to prescription dose. 
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Figure 33: The Effective Mid-plane for Patient after Optimization. 

 

To further investigate the dose homogeneity, we also analyzed the dose profiles 

through patient mid-line and OARs. The dose profiles before and after optimization 

were shown in Figure 34. Except for the abutting field junction region, the dose 

difference for both superior and inferior fields reduce to less than ±10% prescription 

dose after first optimization. Meanwhile, many fluctuations started to appear in the dose 

profile. After the second and third iteration, the dose profiles became smoother. 

However, some high frequency fluctuation still existed. The dose homogeneity has been 

improved to within ±5% prescription dose after second iteration. Lungs and kidneys 

dose increased to around 30% to 40% prescription dose.  
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Figure 34: Comparison between the Longitudinal Dose Profiles for Patient before and 

after Optimization. 
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Based on the phantom study, the initial transmission factor to OARs was 0.15; 

however, the mean dose to OARs were much higher than 25% prescription dose. To 

lower the dose to OARs, we considered to use the lower initial transmission factor to 

OARs. The mean doses to lungs and kidneys before and after the third optimization 

with different transmission factors are shown in Table 9. 

 

Table 9: Mean Doe to OARs before and after Optimization. 

 

 

From Table 9, the mean dose to lungs and kidneys are greater than 30% 

prescription dose after optimization. Because of the shielding to lungs and kidneys, the 

dose to the region between the critical organs, such as sternum, was much lower than 

the prescription dose before optimization. After optimization, the dose to the region 

between lungs and kidneys would be increased to the prescription dose, which also 

increased the scatter dose to lungs and kidneys. When the initial transmission factor is 

0.1, the point dose computed in TPS at the center of lungs was 31.5% prescription dose 

and of kidneys was 26.8% prescription dose. Figure 35 shows the dose volume 

histogram (DVH) curves for lungs, kidneys, and body when transmission factor to 

Lt_Lung Rt_Lung Lt_Lung Rt_Lung Lt_Kidney Rt_Kidney Lt_Kidney Rt_Kidney

0.1 29.1% 27.9% 39.2% 36.9% 24.5% 24.8% 29.2% 29.2%

0.15 34.6% 32.3% 45.1% 41.1% 29.4% 29.7% 34.8% 35.0%

(%) 

Prescription 

Dose

Before Optimization After Optimization

Mean dose to lungs Mean dose to kidneys

Before Optimization After Optimization

Initial 

Transmission 

Factor
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OARs is 0.15. Lung dose distribution had larger variation compared with kidney dose. 

Though part of the lungs was not under shielding, the lung dose shown in the DVHs 

curves was based on the whole lung. If we want to investigate the lung dose under the 

shielding, a new structure inside the lungs should be contoured in TPS.  

For both point dose and mean dose, the lung dose was higher than kidney dose. 

One explanation is that to irradiate the supraclavicular region, part of the lungs was not 

under shielding. Additionally, the density of lungs (around 0.3 g/cm3) is much smaller 

than that of kidneys (around 1 g/cm3), more scatter dose could deposit in lungs.  To 

lower the OARs dose, we should lower the transmission factors or lower the dose in the 

surrounding region of OARs. 

 

 

Figure 35: Dose Volume Histograms for Body, Lungs, and Kidneys. 
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3.3.2.1 Skin Flash 

To account for the patient movement during TBI treatment and reduce the 

unnecessary irradiation, a 3 cm skin flash was applied to the treatment plans. Figure 36 

shows the beam’s eye view for AP fields with 3 cm skin flash. Since the patient’s width 

was around 55 cm and approached to the maximum width of the 25×40 cm2 field size, no 

skin flash could be added to the arms. Therefore, larger field size (32×40 cm2) should be 

used for TBI patient whose body width is larger than 48 cm.  

 

 

Figure 36: Beam’s Eye View for AP Fields with 3 cm Skin Flash. 

 

The fluence maps for each field before and after optimization are shown in 

Figure 37. The relative position of head (H), center of patient (C), feet (F), and the 

shielding to lung (L) and kidney (K) were labeled. Optimization reduced the 

transmission factor gradually when getting closer to the center of the patient.  However, 

transmission factors around lung level kept the maximum value to increase the dose 

near the lung shielding. 
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Figure 37: Fluence Maps before and after Optimization with Skin Flash. 

 

Th effective mid-plane dose matrix for treatment plan with skin flash is shown in 

Figure 38. Optimization could compensate for the beam divergency effect. The dose 

homogeneity had been improved after optimization. We also extracted the dose profiles 

(Figure 39) through patient mid-line (blue line in Fig. 38) and OARs (green line in Fig. 

38).  
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Figure 38: The Effective Mid-Plane Dose Matrix before and after Optimization with 

Skin Flash. 
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Figure 39: Comparison between the Longitudinal Dose Profiles for Patient before and 

after Optimization with Skin Flash. 
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The mid-line dose profiles received no dose between the gap of legs. Compared 

with the dose profiles extracted from the effective mid-plane dose matrix without skin 

flash, the homogeneity of dose profiles with skin flash for both superior and inferior 

fields also reduce to less than ±5% prescription dose except for the field junction area in 

the center. High frequency dose fluctuation existed in both with and without skin flash 

cases. Additionally, skin flash would not change the dose distribution in the patient 

significantly.  

Skin dose is important in TBI treatment. In the previous TBI treatment methods, 

a beam spoiler was used to increase the skin dose. Surface dose computed in Eclipse for 

patient was between 96% to 98% prescription dose. Though the calculation may not be 

precise for surface dose, we believed that the surface dose is not 100% prescription dose. 

Beam spoiler may be needed for IMRT TBI treatment. 

3.3.3 Discussion 

The results showed that our optimization algorithm could also greatly improve 

the dose homogeneity for patient. Though the current optimization algorithm could not 

smooth the high dose peak caused by the field junction, the dose homogeneity in other 

region had been improved to within ±5% prescription dose. The effective dose matrix 

could increase the efficiency for optimization and dose evaluation. By using IMRT, we 

could provide better sparing for lungs and kidneys without fabricating transmission 

blocks and compensators. For patient positioning, though CR film is a substitute for 
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CBCT or EPID, the CR film placement and read out process increase the complexity of 

positioning and could be time-consuming. However, CR film is an effective way for 

position verification when patient lying down on the platform placed on the floor. This 

technique only acquires simple setup and could be executed in any treatment room. 

Therefore, AP/PA recumbent position IMRT TBI techniques could be feasible in clinical 

treatment. 

3.3.3.1 Expected workflow for patient treatment  

A CT simulation is acquired for each IMRT TBI patient. During the CT 

simulation, therapists should setup the patient like in the linac room. To aid treatment 

position verification, landmarks could be taped near the xiphoid process and in the 

center of patient. Before the CT simulation, therapists should record patients’ length and 

width when patient lying down on the couch. The length and width could affect the 

parameter of the treatment planning, such as field size and beam angle. Physician 

should provide the prescription for the treatment plan, which usually is 800 cGy in total 

with four (4) fractions for AP/PA TBI treatment. Based on the CT image, patient 

dimension, and prescription, physicist could design a treatment plan for the patient. The 

original treatment plan should be optimized until the dose difference is as low as 

reasonably achievable and provide adequate protection to the OARs. After the treatment 

plan is done and proved by the physician, a patient specific QA should carry out before 
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the treatment to ensure the dose delivery accuracy. If the treatment plan passes the 

gamma evaluation, it could be used for patient treatment.  

Before the first treatment, therapists and physicists should ensure the patient do 

not gain or loss weight too much. In the treatment room, the platform should be setup 

on the floor and make sure the center of the platform is located at the central axis of the 

treatment head. Patient should lie down on the platform when it is fixed on the floor. 

Therapists and physicians need to verify the position and place a CR film under the 

platform closed to the OARS region. A few MUs of the superior field should deliver and 

read out the CR film for position verification. If adjusting the patient position, the 

displacement should be marked down for other fractions. After the position verification, 

we could start the real treatment. If necessary, several OSLD could be taped on the 

patient surface for dose analysis. 
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4. Investigation of surface dose enhancement under 

blocked field 

4.1 Introduction 

During the simulation of IMRT TBI in Eclipse, a high dose peak was found near 

the surface of the phantom/patient under the shielding. One example in Figure 40 shows 

the dose profile when a patient receives AP and PA beams. This case showed surface 

dose enhancement on both anterior and posterior region. It increases the surface dose a 

lot. While IMRT has already been widely applied to clinical treatment for many different 

diseases, not many researches focus on the surface dose enhancement under blocked 

field. Some studies observe the high dose peak but focus on the effect of the calculation 

methods.[20] In this chapter, we tried to verify the obvious surface dose enhancement 

under blocked field and to find out what factors could affect the high dose peak, 

including field sizes, SSD, and different shielding methods.   

 

Figure 40: Percent Depth Dose with MLCs Shielding at 206 cm SSD with Patient CT 

image. 
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4.2 Methods 

To investigate the underlying factors that cause the high dose peak under the 

shielding, a series of treatment plans have been simulated in the Eclipse treatment 

planning system. In this chapter, we considered the effect of different field sizes and 

different source-to-surface distance (SSD) to the surface dose. After the comparison of 

different simulation plans in Eclipse, measurements for the percent depth dose (PDD) 

were executed with the TBOrange machine at Duke University Medical Center to 

confirm the result. The dose profiles from measurement and calculation were analyzed 

in MATLAB. 

4.2.1 Planning 

For anteroposterior (AP)/posteroanterior (PA) total body irradiation at Duke 

University Medical Center, patients were treated with extended treatment distance in 

400 cm or 475 cm in standing position. This study is to investigate AP/PA TBI in 

recumbent position with treatment distance in 216 cm. However, compared with 

standard treatment distance (100cm), the extended treatment distances are less 

frequently used. Therefore, three different SSD in 100 cm, 206 cm, and 465cm were 

chosen to represent for standard treatment, AP/PA TBI in recumbent position, and 

AP/PA TBI in standing position respectively. Gantry rotation and collimator rotation 

were 0 degree. Prescription dose is 12.5cGy. 
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To protect lungs and kidneys from damaged by SSc during TBI, shielding should 

reduce kidney and lung dose to 25% of the prescription dose. The simulation plans 

considered the cases that using dynamic MLCs shielding to achieve this goal. The 

blocked region for each plan was a circle with a diameter of 16 cm on the phantom 

surface (Figure 41). The transmission factor for shielding was 0.15 and for the non-

shielding region is 1. 

 

Figure 41: Beam's eye view of the Blocked Field. 

 

 A 30×30×30 cm3 cubic water equivalent phantom was created in Eclipse. In the 

simulation treatment plans, field sizes from 15×15 cm2 to 40×40 cm2 with 5×5 cm2 

intervals are applied to each SSD. However, when dynamic MLCs were used for 

shielding, the maximum separation of x-jaw was only 32 cm. In this case, Field size 

32×35 cm2 and 32×40 cm2 are the replacement for 35×35 cm2 and 40×40 cm2. To compare 

the results from different calculation algorithms, both AAA and Acuros (AXB) are used 

for dose calculation in this study. In Eclipse, PDD curves were calculated through the 
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central axis of the phantom (Figure 42), when the blocked region also located in the 

middle of the phantom. 

 

Figure 42: The Relative Position of the Dose Profile along the Central Axis of the 

Phantom. 

 

4.2.2 Measurement 

Measurement was implemented with solid water phantoms and a parallel plane 

chamber. To reduce the setup complexity, SSD in 465 cm is not considered in the 

measurement. We only carried out measurement for standard SSD in 100 cm and 

extended SSD in 206 cm. For field sizes, measurement only performed at two field sizes, 

small field sizes (15×15 cm2) and large field sizes (32×40 cm2). During the measurement, 

the central axis of the solid water phantom and the central axis of the treatment head 

should overlap together. The center of parallel plane chamber was also placed in the 

center axis of the solid water phantom. The first measurement was carried out to verify 

the measurement, detector performance, and setup accuracy before the PDD 

measurement.   
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4.3 Results 

4.3.1 Calculation results 

Calculation results for each SSD are shown in Figure 43, Figure 44, and Figure 45. 

Figure 43 shows the dose calculation result for 465 cm extended SSD. From the 

calculation result of AAA, the dose peak near-surface appeared at field size around 

30×30 cm2 and became more obvious with larger field sizes. For field size at 32×40 cm2, 

the dose variation between the dose on the surface and at 2 cm depth was about 34% of 

the dose to 2 cm depth. However, from the result of AXB, no high dose peak showed at 

all field sizes. 

Figure 44 is the dose calculation result for 206 cm extended SSD. The surface 

dose enhancement appeared at field size around 25×25 cm2 and was more obvious with 

larger field sizes from AAA calculations. For field size at 32×40 cm2, the dose on the 

surface was about 155% of the dose to 2 cm depth. From the result of AXB, surface dose 

enhancement appeared at field sizes larger than 32×35 cm2. 

Figure 45 is the dose calculation result for 100 cm extended SSD. The surface 

dose enhancement under blocked field showed up at smaller field sizes. It appeared at 

field sizes larger than 25×25 cm2 from AAA calculation results and at field sizes larger 

than 30×30 cm2 from AXB calculation results. For field size at 32×40 cm2, the dose on the 

surface was about 143% of the dose to 2 cm depth from AAA calculation and about 

128% from AXB calculation. 
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Figure 43: Dose Profile Calculated by AAA (left column) and AXB (right column) for 

Different Field Size in 465 cm SSD. 
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Figure 44: Dose Profile Calculated by AAA (left column) and AXB (right column) for 

Different Field Size in 206 cm SSD. 
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Figure 45: Dose Profile Calculated by AAA (left column) and AXB (right column) for 

Different Field Size in 100 cm SSD. 
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4.3.2 Measurement results 

The measurement results under shielding after normalizing to 10 cm depth are 

shown in Figure 46 and Figure 47. In these two figures, red and blue represent for the 

small field (15×15 cm2) and large field (32×40 cm2) respectively. The red solid lines are 

the measurement result at small field size and the blue solid lines are the measurement 

result at large field size. Compared with the calculation result of AXB, the measurement 

data shows a higher similarity with AAA calculation result. Both measurements with 

100 cm SSD and 206 cm SSD show a clear high dose peak near-surface at 32×40 cm2 field 

size. However, no high dose peak is observed for both calculation and measurement at a 

15×15 cm2 field size.  

        For standard SSD, the measurement dose at surface was around 24% higher 

than the dose at 2 cm depth. For extended SSD (206 cm), the measurement dose at 

surface is around 40% higher than the dose at 2 cm depth. Though the measurement 

results and the calculation results did not perfectly agree with each other, because the 

calculation algorithms could be sensitive at shallow depth. They all proved that the 

surface dose enhancement under blocked field should exist. 
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Figure 46: Percent Depth Dose under Blocked Field at 100 cm SSD. 

 

 

Figure 47: Percent Depth Dose under Blocked Field at 206 cm SSD. 
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4.3.3 Further Investigation 

The measurement results confirmed that the surface dose enhancement is not an 

artifact. Surface dose under shielding was higher with shorter SSD and larger field sizes. 

We could observe this phenomenon in both standard SSD and extended SSD. One 

hypothesis is that the surface dose enhancement is related to the scatter dose from 

treatment head. Energy, flattening filter and flattening filter free (FFF) could affect the 

collimator scatter factor (Sc). To investigate the relationship between Sc value and the 

surface dose enhancement, previous treatment plans with 25×25 cm2 and 30×30 cm2, 

standard SSD (100 cm) and extended SSD (206 cm) were simulated in different energy: 6 

MV, 6MV FFF, 10 MV, and 10 MV FFF. The PDD curves computed in Eclipse with TB-

GBD machine for different energy were shown in Figure 48.  

From the results, surface dose enhancement showed up in the cases using 6 MV, 

6 MV FFF, and 10 MV beam but not in the cases using 10 MV FFF beam. For all 10 MV 

FFF treatment plans with different field sizes (25×25 cm2 and 30×30 cm2) and different 

SSD (100 cm and 206 cm), no abnormal high surface dose was observed. According to 

the scatter factor for these energy (Table 10, measured by Duke University Medical 

Center for Truebeam machine), 10 MV FFF beam has smaller Sc range compared with 6 

MV and 10 MV beams. However, surface dose enhancement was obvious when using 6 

MV FFF beam with smallest Sc range. Collimator scatter could contribute to the high 

surface dose but not as the main reason.  
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Table 10: The Scatter Factor for Different Energy Photon Beam. 

 

 

 

Figure 48: Surface Dose Comparison between different Field Size, SSD, and Energy. 

 

4.4 Discussion 

In Eclipse, we simulated the dose delivery in three different SSD with different 

field sizes. The calculation results showed that the surface dose enhancement could be 

ESQ (cm)

Sc Sp Scp Sc Sp Scp Sc Sp Scp Sc Sp Scp

4 0.949 0.954 0.906 0.976 0.942 0.919 0.924 0.988 0.913 0.968 0.978 0.947

40 1.047 1.07 1.12 1.019 1.06 1.08 1.071 1.024 1.097 1.025 1.019 1.045

Difference 0.098 0.116 0.214 0.043 0.118 0.161 0.147 0.036 0.184 0.057 0.041 0.098

6 MV 6 MV-FFF 10 MV 10 MV-FFF



 

81 

affected by field sizes and SSD. Sharper dose peak was more likely to appear in shorter 

SSD and larger field sizes. From the measurement results, obvious high surface dose 

enhancement appeared at 32×40 cm2 field size for both standard SSD in 100 cm and 

extended SSD in 206 cm. The dose on the surface all exceeds 10% of the dose at 1 cm 

depth, which could not be produced by the machine output and the reading fluctuation 

of the parallel plane chamber. The dose variation between surface dose and any doses at 

depth larger than 1 cm is so high that it should not produce by setup uncertainty. The 

dose variation also increased with larger SSD and larger field sizes.  

We also found out that because AXB is very sensitive at shallow depth, the 

measurement results at shallow depth agreed better with AAA calculation results than 

AXB calculation results. Though in this chapter we only considered the shielding with 

dynamic MLCs, the dose peak also appears when using the block for shielding (Figure 

49). However, block making is time and labor-consuming. In this study, only IMRT cases 

were delivered in linac room and verified. 

 

Figure 49: The Surface Dose Enhancement under the Block. 
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This observation of surface dose enhancement under blocked field has been 

verified by measurement. Regardless of the measurement, a series of calculations of 

different field sizes from 15×15 cm2 to 32×40 cm2, different SSD from 100 cm to 465 cm, 

and different shielding methods are done in Eclipse. Treatment plans in different energy 

with and without flattening filter have been simulated in Eclipse. Surface dose 

enhancement only disappear when using 10 MV FFF beam. Though there is no clear 

explanation for this phenomenon yet, we should consider the surface dose enhancement 

under shielding also in other treatment plans.
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5. Conclusion 

The TBI techniques currently used at Duke University Medical Center are 

bilateral technique and standing position AP/PA technique, and traditionally executed 

in a large linac room. Both these two methods are based on simple point dose calculation 

and the dose distribution in vivo is unknown. Bilateral technique is more comfortable to 

the patient, but do not provide adequate protection to OARs. To reduce the radiotoxicity 

to the radiosensitive organ, such as lungs and kidneys, standing position AP/PA 

technique use partial transmission blocks for OARs shielding. However, the whole 

process of block making, verification, and positioning is labor intensive. Additionally, 

TBI patient could be too weak to stand up during the treatment. Since many studies 

have proved the feasibility of using Eclipse for TBI treatment planning and dose 

distribution calculation. In this project, we developed a novel AP/PA recumbent position 

IMRT TBI technique that could be used in any linac room.  

This project considered different treatment techniques (3DCRT or IMRT) and 

different recumbent position (on the couch or on the floor). The most feasible method, 

IMRT in recumbent position on the floor, was determined based on the comparison of 

the simulation results in Eclipse. An optimization algorithm was created for TBI 

treatment planning in MATLAB, based on the relationship between the prescription 

dose and the current dose on the phantom mid-plane.  Treatment plans for phantom 

was simulated in Eclipse and verified by the measurement in linac room. The 
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measurement results agreed with the calculation results, which showed the dose 

homogeneity could improve to within ±3% prescription dose. Both lungs and kidneys 

could receive around 25% prescription dose with DMLCs’ protection. To applied for real 

patient CT image, we introduced the effective mid-plane for patient study. The 

simulation results showed that our optimization algorithm could also greatly improve 

the dose homogeneity for patient to within ±5% prescription dose except for the field 

junction region.  

Nevertheless, this study simulated the IMRT TBI for only one patient CT image. 

To ensure our treatment planning and optimization algorithm feasible to most of the TBI 

patient, we need to investigate the simulation performance for more patients. The 

thickness and placement of beam spoiler should be determined before applying to clinic. 

Additionally, the surface dose enhancement under the blocked field needs further 

investigation. In this project, only 3DCRT and IMRT were taken into consideration. As 

another advanced delivery technique, VMAT also has potential for TBI treatment. 

Though we prefer placing patient on the platform on the floor, position verification is 

more efficient when lying down on the couch. For pediatric patient with smaller body 

dimension, lying down on the couch could be a better choice. 

In IMRT TBI treatment, effective CT simulation and simple treatment planning 

reduce the treatment complexity. Patient is at comfortable and reproducible treatment 

position with high dose conformity. It could achieve excellent dose homogeneity and 
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sparing of lungs and kidneys without using labor intensive blocks and compensator. 

Additionally, this technique could be used in any treatment room. We believe that 

AP/PA recumbent position IMRT TBI techniques could be feasible in clinical treatment. 
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