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Abstract

Knowledge-based radiation treatment is an emerging concept in radiotherapy. It

mainly refers to the technique that can guide or automate treatment planning in

clinic by learning from prior knowledge. Different models were developed to realize

its application, such as the model proposed by Yuan et al. at Duke University Med-

ical Center for lung intensity modulated radiation therapy (IMRT) planning. This

model can automatically determine both beam configuration and optimization ob-

jectives with non-coplanar beams based on patient-specific anatomical information.

Although plans automatically generated by this model demonstrate equivalent or

better dosimetric quality compared to clinically approved plans, its validity and gen-

erality are limited due to the empirical assignment to a coefficient called angle spread

score defined in the beam efficiency index used for beam ranking. To eliminate these

limitations, a systematic study on this coefficient is needed to acquire evidence for

its optimal value.

To achieve this purpose, eleven lung cancer patients with complex tumor shapes

with non-coplanar beams adopted in clinically approved plans were retrospectively

studied in the frame of the automatic lung IMRT treatment algorithm. The primary

and boost plans used in three patients were treated as different cases due to the

different target size and shape. A total of 14 lung cases, thus, were re-planned using

the knowledge-based automatic lung IMRT planning algorithm by varying angle

spread score from 0 to 1 with increment of 0.2. A modified beam angle efficiency
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index was used to navigate the beam selection. Great effort was made to assure the

quality of plans associated with every angle spread score was as good as possible.

Important dosimetric parameters for planning target volume (PTV) and organs-at-

risk (OARs), quantitatively reflecting the plan quality, were extracted from the DVHs

and analyzed as a function of angle spread constraint for each case. Comparisons

of these parameters between clinical plans and model-based plans were evaluated

by two-sampled Students t-tests, and analysis was performed on a composite index

built on the percentage errors between dosimetric parameters in the model-based

plans and those in the clinical plans as a function of angle spread score.

Results show that model-based plans generally have equivalent or better quality

than clinically approved plans, both qualitatively and quantitatively. All dosimetric

parameters except those for lungs in the automatically generated plans are statisti-

cally better or comparable to those in the clinical plans. On average, more than 15%

improvement on the conformity index and homogeneity index for PTV and V40, V60

for heart while an 8% and 3% deterioration on V5, V20 for lungs, respectively, are

observed. The intra-plan comparison among model-based plans demonstrates that

plan quality does not change much with angle spread score larger than 0.4. Further

examination on the variation of the composite index as a function of angle spread

score shows that 0.6 is the optimal value that can result in statistically the best

achievable plans.
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1

Introduction

As one of the most common cancers occurring worldwide, lung cancer has the highest

mortality rate at 1 in 5 of all cancer deaths (1). Various types of treatments have been

developed to eliminate lung cancers, one of which is the treatment using radiation

beams. For example, for the locally advanced non-small cell lung cancer (NSCLC),

three-dimensional conformal radiation therapy (3D-CRT) and intensity modulated

radiation therapy (IMRT) are the most common treatment types. For decades 3D-

CRT has dominated the radiation treatment for NSCLC, but IMRT, after more

than a decade of development, has gained regular adoption in clinics due to its lower

dosemetric toxicity to normal tissues compared to 3D-CRT (2; 3).

1.1 Intensity modulated radiation therapy

IMRT inherits many tools from 3D-CRT, such as three dimensional computed to-

mography (CT) images for contouring, external collimators to shape the radiation

beam to fit the target, and the three dimensional dose calculation algorithm (4).

In addition, IMRT has several other radical features. First, instead of the uniform

yield of radiation from each field in 3D-CRT, intensity within a field in IMRT is
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further modulated, resulting in a non-uniform energy distribution, while the total

dose deposited in the target from all the beams is kept homogeneous. Specifically,

a radiation beam is divided into small beamlets, the intensity of which is adjusted

based on an optimization objective function. This feature enables IMRT to generate

complex (e.g., concave) but conformal dose distributions, better achieving the goal

of delivering sufficient dose to kill the tumor while sparing the normal tissues as

much as possible. To realize radiation intensity modulation, multi-leaf collimator

(MLC) plays a significant role. Two MLC motion schemes are commonly used: slid-

ing window(5) and static step-and-shoot(6). In the former method, MLC moves as

the irradiation is on while the MLC in the later mode only moves as the beam is off.

The movement of MLC is controlled by the leaf motion algorithm. Another feature of

IMRT is the inverse planning process (5), which utilizes the expected dosimetric con-

straints for structures as inputs to iteratively optimize the intensity or fluence map

of each field via minimizing an objective function. The target and critical structure

constraints are either dose-based or dose-volume-based and each of them is assigned

a priority score which indicates the relative importance of these parameters.

Although IMRT for lung cancer shows a superiority over other techniques, it

presents new challenges and creates additional work in current clinical practice as

well, e.g., the complex and time-consuming treatment planning process, the accuracy

of radiation delivery using MLC and the lengthy IMRT QA procedures(4). Any

improvement of these processes can greatly benefit the current IMRT practice as

well as patient care and this study focuses on the improvement of IMRT treatment

planning for lung cases.

1.2 IMRT treatment planning procedure

General IMRT treatment planning starts with contouring of target and critical organs

based on 3D CT or MRI images. Based on target shape, size and relative location to
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other critical organs, multiple radiation beams are carefully chosen and placed around

the target to minimize unnecessary penetration through normal tissues. With the

beam configuration defined, fluence optimization for each beam can be iteratively

performed after dose prescription is specified and certain constraints for target and

critical organs are given. The setup of these structure constraints reflects the trade-

offs between dose coverage to the target and dose sparing to organs-at-risk (OARs)

and is highly dependent on the planner’s experience. After the optimal fluence map

is obtained, leaf motion sequence and dose calculation are performed and a plan is

generated. The plan quality is then evaluated in terms of the dose distribution and

the DVH curves. If the plan is clinically acceptable, it can be approved to treat

patients; if not, the planner needs to return to one of the previous steps to tune

either the structure objectives or beam angles and repeat the whole optimization

process until the final plan meets the requirements.

The IMRT treatment planning, therefore, is a complex and time-consuming pro-

cedure and highly depends on the planner’s experience and knowledge. Further,

these challenges become even more significant for lung cases. First, lung tumors can

occur in different positions in the thorax and its geometrical relationship with other

critical organs (spinal cord, lungs, heart, esophagus as well as some less affected

organs such as the stomach and liver) varies from case to case. This causes more

difficulties in beam setup compared to other tumor types such as prostate where the

beam configuration is relatively stable. Moreover, several studies show that non-

coplanar beams can improve the dosimetric quality in many lung cases (7; 8), but

the expanded beam angle searching space (from 2D to 3D) significantly increases the

challenge in beam angle selection. Second, the involvement of multiple organs-at-risk

(OARs) raises the complexity of embracing critical structure constraints. Although

Radiation Therapy Oncology Group (RTOG) protocols (0617 and 0813) and Quan-

titative Analysis of Normal Tissue Effects in the Clinic (QUANTEC) (9) provide
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guidelines, they are population-based and offer only the minimum requirements.

The optimal or near optimal objective setup can only be determined through a time-

consuming trial-and-error process. Furthermore, dose distribution of all the organs

are closely correlated and many optimums probably exist corresponding to different

clinical concerns. Thus, the planner’s experience is important in this step in terms

of both efficiency and quality. Finally, due to the large thorax size and the tissue

inhomogeneity, hot spots emerge easily so that extra effort is required to eliminate

them.

As IMRT becomes a routine clinical radiotherapy practice for lung cancers, there

is a clinical need to reduce the planning time as well as enhance the plan quality and

consistency, especially in two areas: beam angle selection (BAS) and patient-specific

structure constraints determination.

1.2.1 Beam angle selection

Beam angle selection is an essential step in the IMRT treatment planning process.

Clinically, either a standard radiation beam configuration is used (e.g., seven to nine

equally spaced coplanar beams for head and neck and five to seven fixed angles for

prostate), or a manual exploration is conducted for intracranial, thoracic, abdominal

tumors, or cases where non-coplanar beams are employed.

Mathematically, BAS is typically considered a combinatorial optimization prob-

lem, finding an optimal combination of beam angles from a large discrete angle

searching space (10). Many approaches have been developed to automatically select

the beams, which can generally be divided into two categories. In the first category

a global optimization strategy is adopted in which the BAS and fluence map opti-

mization (FMO) are solved simultaneously. For example, stochastic search methods

such as simulated annealing (11; 12) and genetic algorithm (13; 14; 15) are applied to

BAS to obtain an optimized beam ensemble in consideration of the beam orientation
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combinations and the associated beam profiles (beamlet weighting); some research

groups, however, reduce the complexity by iteratively adding (16; 17; 18) beams to

or eliminating (19; 20) beams from a radiotherapy plan. A recent study (21) further

accelerates the iterative BAS based on the score of an objective function after a lim-

ited number of FMO iterations or a projected gradient attained in the first iteration.

Whereas the BAS runtime reduces dramatically with the help of some acceleration

methods (17; 21), approaches incorporating FMO with BAS are still computation-

ally expensive because of the requirement of dose calculation and beamlet weight

optimization for every beam angle set. Things get even tougher for complex cases

where the number of candidate beams becomes larger and/or non-coplanar beams

are proposed.

The other strategy to deal with BAS is to treat beam selection and intensity

optimization separately. Pugachev et al.(22) and Meyer et al.(23) create different

scalar score functions to rank radiation beams in terms of the dose to both target and

OARs along the transmission path by introducing a pseudo beam’s-eye-view (pBEV)

technique and a BEV ray-tracing method, respectively. Bangert and Oelfke (24),

employing a similar idea, construct a radiological quality index for each potential

angle and target voxel and classify the voxels into several clusters of which the

centers express the optimal angles. Potrebko et al.(25) extract pure geometrical

information from the analysis of polygonal surface mesh data of contoured patients

anatomy, indicating the optimal beams are those that tangentially bisect the target

and OARs while parallel to the polygon flat surfaces of the target. Also, a research

group from Duke Medical Center (26) suggests a set of standardized beam bouquets

for lung IMRT planning using cluster analysis by learning the beam configuration

features from previous high quality plans. Apparently, the calculation time of the

above methods in this class is competitive, but there is evidence indicating that the

plans generated by these methods may be no better or may even be worse than the
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clinical plans or those generated by other methods (27).

Another notable point upon reviewing the literature is that few of these pub-

lications apply their methods to lung cases. This is likely due to the complicated

thoracic geometry and the involvement of so many critical organs, which increase the

uncertainties of BAS. Thus, to face this challenge, another BAS model which can

automatically determine beam configurations involving non-coplanar beams in lung

IMRT planning is being developed at Duke Medical Center, the details of which are

introduced in Chapter 2.

1.2.2 Structure constraint determination

With selected radiation beams, manually or algorithm-aided, IMRT optimization

needs to be performed to acquire beamlet intensity for each direction. An objective

function (OF) is iteratively calculated to guide this IMRT optimization after dose-

based constraints and/or dose-volume (DV)-based constraints are specified. Dose-

based constraints are straightforward which specify prescription dose to target while

zero to normal tissues and OARs, but they may lead to undesired dose distributions

for multi-objective optimization problems such as those in lung IMRT because of

the hard constraints; DV-based constraints, in contrast, reserve more tolerance room

for different organs so that an optimal overall plan can be obtained after the opti-

mization (5; 28). Therefore, DV-based constraints are most commonly used in clinic.

Nevertheless, the determination of a set of structure constraints leading to an opti-

mal dose distribution for a particular beam setup for a specific patient is generally

non-trivial. Sometimes, a time-consuming trial and error process cannot be avoided

even for experienced planners.

To address this issue, knowledge-based treatment planning is proposed with the

assumption that previous knowledge that lay behind the high quality plans can be

extracted and applied to new cases to make the planning more efficient but at the

6



same time, with no deviation to plan quality. Several methods to automatically de-

termine the structure constraints are reported. By building up a large database of

prostate plans, Chanyavanich et al. (29) match the new patient’s anatomy with the

old one from the database based on mutual information between the BEV projections

of the reference 3D images from different angles. Similarly, Wu et al. (30) compare

the overlap volume histogram (OVH) indicating the spatial interrelations between

target and OARs of a new patient with those in the database to generate dose vol-

ume histogram (DVH) objectives as the initial optimization goals for the new case.

However, these two methods highly rely on the size and quality of the plans in the li-

brary. To eliminate the database reliability, Appenzoller et al. (31) develop an OAR

DVH prediction model based on the correlation of expected dose to the minimum

distance from a voxel to the PTV surface while Yuan et al. (32) exploit a stepwise

multiple regression method to find the link between dosimetric and anatomical fea-

tures extracted from DVHs and distance-to-target histograms (DTHs), respectively,

using principle component analysis (PCA).

1.3 Automatic IMRT treatment planning

Equipped with automatic BAS tools and patient-specific structure constraint deter-

mination tools, a fully automatic IMRT treatment planning method can be achieved.

Zhang et al. (33; 34) first report a methodology for automatic lung IMRT planning

and build an external plug-in system named mdaccAutoPlan to help generate IMRT

plans for lung cases. Breedveld et al. (17; 35) also introduce a multicriterial plan

optimization algorithm called iCycle to help design coplanar or non-coplanar IMRT

plans. However, these methods are either database dependent in selecting initial

beam set (33) or time-consuming by using an iterative method (17). In order to

improve planning efficiency, consistency and quality, a novel knowledge-based au-

tomatic IMRT treatment planning algorithm is suggested by Yuan et al. at Duke
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Medical Center. This algorithm combines a new automatic BAS method with the

automatic determination of dosimetric objectives. The automatic determination of

structure objectives for fluence map optimization takes advantage of the OAR DVH

prediction model (32) while beam configuration in the new BAS model is deter-

mined by analyzing patient-specific anatomical features and learning from previous

planning experiences. More specifically, beam angles are ranked and chosen based

on a beam efficiency index which takes into account both the dose contributions

from individual beams and the combined effect of multiple beams. However, several

polynomial factors in the efficiency index reflecting clinical tradeoffs among different

OARs are assigned empirically.

1.4 Study purpose

The empirical values of those polynomial factors appearing in the BAS model make

the whole algorithm less robust. To further validate the effectiveness and generality

of this automatic lung IMRT treatment planning algorithm, the values of these poly-

nomial factors need to be systematically studied. Our hypothesis is that these factors

are independent on the patient specific anatomical information, and the optimal val-

ues for these factors exist. That is, once this optimal set of factors is determined, the

BAS model is supposed to generate an optimal or near optimal beam configuration

for any specific patient which can further lead to a high quality plan. To verify our

hypothesis, the relationship between plan quality and those polynomial factors was

investigated by applying this automatic lung IMRT treatment planning algorithm to

clinical patient cases in this study.

This thesis is structured as follows: in Chapter 2, the polynomial factors in the

BAS model are introduced in detail and the method used to study and obtain the

optimal values of these factors are discussed. The results are shown and analyzed in

Chapter 3. The discussions on the results are found in Chapter 4 while conclusions
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are summarized in the final Chapter 5.
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2

Materials and Methods

2.1 Polynomial factors in the BAS model

In the BAS model developed by Yuan et al. at Duke, a beam efficiency index is

constructed for each candidate beam direction α specified by the couch and gantry

angles with a full consideration of the potential device collisions. Its mathematical

expression is as follows:

qα �
1

Nα

¸

νPSαPTV

qαν (2.1)

where ν expresses the original voxel on the target surface SαPTV through which the

radiation goes into the target from direction α, Nα is the number of such voxels and

qαν is defined as the ratio of the weighted sum of the dose deposited in the OARs and

normal tissues to that deposited in the target along the beam path through voxel ν

in direction α and is expressed as

qαν �

°
nPStructurewnd

ν
n

dνtarget
(2.2)

where dνn is the dose deposited in structure n P Structure, which can be target,

lung, esophagus, spinal cord, heart, liver, kidney, stomach or normal tissues such as
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muscles and bones, wn is the corresponding weighing factor assigned to each struc-

ture. The dose deposition along the beam path is calculated based on a tabulated

percent depth dose (PDD) curve for photon beams with corrections for lung tissue

inhomogeneity. The weighting factors, representing the trade-offs among different

structures, are determined empirically based on the prior knowledge. Therefore,

Eq. 2.1 for a candidate beam angle is the average of dosimetric score 2.2 for each

beamlet in that direction. Another way to construct the index is to take the mediant

of all the qαν without simplification:

q1α �

°
ν

°
nPStructurewnd

ν
n°

ν d
ν
target

(2.3)

The denominator is the total dose deposited to target in beam direction α while

the numerator is the total dose received by all the critical structures. Beams are

selected as those that can deliver more dose to the whole target and less dose to the

nearby normal tissue at the same time. Compared with qα, q1α emphasizes the total

dosimetric effect of radiation beams and it is used in this study.

In addition, as it is demonstrated that beam separation has an influence on the

dosimetric quality, especially on the PTV dose conformity (23; 36), a beam separation

term which is inversely proportional to the angle difference between each angle pair

is added to the beam efficiency index. For a beam configuration containing m beams,

the beam efficiency index (EI) is

EI �
m̧

i�1

qαi �
¸

i�j

2k

1 � cosαij � δ
(2.4)

where αij is the angle separation between angles αi and αj, δ is a small number (! 1)

to keep the denominator from 0 and the positive coefficient k denotes the relative

importance of beam separation in beam selection. Based on the EI values, the beam

angles for a particular case are chosen using a greedy algorithm.
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By examining Eq. 2.4, there are two sets of polynomial factors that deserve further

explanation: one set is a group of weighting factors in the first term, representing the

relative weight of the dose contributions from different structures; the other set is the

beam angle spread score k in the second term, characterizing the combined effect of

multiple beams. From a clinical aspect, these factors are actually embodiments of a

series of trade-offs between dose sparing goals of different OARs and beam separation

extent. Hence, the assignment of these factors is of significance. As we suppose these

factors are independent of patient’s anatomy, the optimal values exist. To find these

values, the relationship between plan quality and these factors should be explored.

2.2 Study design

This study involved eleven lung cancer patients with clinically approved IMRT plans

using non-coplanar beams and was approved by the Duke University Medical Center

Institutional Review Board (IRB). Among these patients, three of them used primary

and boost plans. As the primary PTV and the boost PTV for each of these three

patients were different, the primary and boost plans were treated as different cases.

Therefore, a total of fourteen lung IMRT plans with prescription doses ranging from

60 Gy to 70 Gy and tumor sizes from 151.48 to 521.20 cm3 were retrospectively

analyzed. In these clinical plans, six to eleven beams including non-coplanar ones

are used with an average of eight beams.

2.2.1 Plan template generation

Based on patient images and structure contours, beam angles were reselected using

the BAS model coded in MATLAB. Fig. 2.1 shows the user interface of this model.

As the picture shows, there are five user inputs: weighting factors, angle spread

constraint, max number of non-coplanar angles, number of angles and case ID. Case

ID indicates the plan number for a certain patient. Number of angles is set to eight

12



Figure 2.1: The user interface of BAS model. By the courtesy of Yang Sheng

which is the average beam number used for lung cancer treatment in clinic. Max

number of non-coplanar angles is four, which is consistent with the clinical practice.

The weighting factors and angle spread constraint are the polynomial factors in the

beam efficiency index with their optimal values need to be determined. Due to the

large number of factors, the control variable method was adopted, i.e. only one

factor was tuned to generate a series of plans for each patient while others were kept

unchanged within reasonable empirical values. In this study, the set of weighting

factors as shown in the figure was found empirically based on the dosimetric tolerance

of different organs, i.e. spinal cord   lung   esophagus and heart   other organs and

normal tissues. In addition, the weighting factor for PTV was negative, indicating the

inverse relationship between PTV and EI. With a set of fixed weighting factors, the

only variable was the non-negative factor angle spread constraint, or more precisely,

angle spread score k. Further testing showed no significant changes happened when

this factor took values larger than one for different cases. Hence, the range of angle

spread score was r0, 1s with an increment of 0.2. For each patient case, six beam
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Table 2.1: Dosimetric constraints for lung IMRT used in Duke University Cancer
Center

PTV Constraints OAR Constraints
Prescription Dose Volume OARs Dose Volume
100% ¡ 95% Spinal cord 45 Gy Max
95% Minimum Spinal cord+3mm 50 Gy Max
120% Maximum Lung 5 Gy   50%

Lung 20 Gy   30%/Mean
Esophagus 20 Gy   50%
Esophagus 60 Gy   25%
Heart 20 Gy   100%
Heart 24 Gy Mean
Heart 40 Gy   50%

angle sets then were generated and a total of 84 sets were produced. The information

of beam angles was stored in .xml files which could be plugged into the Eclipse TPS

as plan templates.

2.2.2 Objective template generation

After the beam configuration was determined, fluence map optimization for each

angle was performed in the Eclipse planning system, identical to the clinical planning

platform. Typically the dose constraints were prescribed by physicians following

either the RTOG guidelines or an institute template such as Duke clinical protocol for

lung cancer as show in Table 2.1. To achieve these goals, dose- or dose-volume-based

objective points were manually added and adjusted in a trial and error process by

a physicist during fluence optimization. In this study, however, instead of manually

setting up structure constraints for each patient, a well-tested knowledge-based DVH

prediction model (32) was employed which correlates patient anatomical features

with dosimetric features by learning from prior plans. Before using this model for

prediction, it should first be trained with high quality lung IMRT plans. Dozens

of approved lung IMRT cases randomly chosen from the Duke database were used
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Figure 2.2: The user interface of OAR DVH prediction model.

for the training. After training and validation, the model can work on new cases

independently from the database. Fig. 2.2 shows the user interface of this model.

To predict dose parameters for a new patient, DICOM files with structure con-

tours were first imported and read into this software. DVH prediction then could

start once PTV and OARs were matched and dose prescription was specified. From

the predicted OAR DVH curves, specific dose-volume points were extracted and

stored in .xml files as objective templates. As to the dose coverage objectives for PTV

and priorities for each objective, they were determined based on previous planning

knowledge and they were not modified during the planning. The complete planning

objectives used for lung IMRT planning in this study are shown in Table 2.2.

2.2.3 Automatic plan generation

By incorporating the DVH prediction model into the BAS model, IMRT planning was

automatically performed for all patients with minimum or no human intervention.
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Table 2.2: The planning objectives and the corresponding weighting factors used in
lung IMRT planning

OARs/PTV Lungs Esophagus Heart Cord Cord+3mm PTV
V5 V20 V60 D50 D50 D0

Indices V10 V60 D2 D2 D95
V20 D0 D0 D98

D100
Weighting 70 70 70 30, 80, 150 30, 80, 150 120

Figure 2.3: The flowchart of automatic plan generation.

The overall flowchart of automatic plan generation is shown in Fig. 2.3. As can

be seen in the flowchart, a set of patient images with contouring serves as the sole

input for the BAS model as well as for the DVH prediction model. Beam selection

and objective determination were parallel computed to produce plan templates and

objective templates respectively, which could be plugged into Eclipse TPS to guide

the plan generation.

Ideally, to obtain the relationship between plan quality and beam separation

score, the latter should be the only independent variable of the former, i.e. there

should be no other variables that could impact plan quality. Some additional effort

was put in place to achieve the clinically best plans:

• Optimization objective adjustment

16



Although favorable evidence (37; 38) has proved the validity of the OAR

DVH prediction model, dose-volume objectives automatically derived from this

model are not necessarily the absolute best because of the limitations of the

”best” available knowledge from the past (32). Therefore, adjustments to these

objectives were implemented for some cases in this study to achieve a tighter

dose distribution. The whole process was a trial-and-error process.

• Rings

Rings are supplementary structures commonly used and manually delineated

by physicists in clinic to acquire a sharp dose falloff around the targets and

reduce hot spots in healthy tissues. Current Eclipse TPS (Varian Medical

Systems, Palo Alto, CA) can also achieve these goals by using the Normal

Tissue Objectives (NTO) during photon beam optimization. The shape of the

NTO is calculated as a function of the distance away from the target border.

To compare the effectiveness of rings and NTO in dose control, plans using

only rings with different widths and locations and plans using only NTO with

proper dosimetric setup were generated and compared for several patients. It

turned out that for plans using rings, two rings were sufficient to result in high

quality plans: one with width of 1 cm and 1 cm away from PTV (ring-PTV);

the other with width of 2 cm and 3 cm away from PTV while 1 cm inward from

the body border (ring-body). Plans using NTO, however, showed better dose

conformity, but less control to the entrance dose in regions far from PTV, i.e.

hot spots were more likely to appear in these plans. In view of the advantages of

both methods, a combination of NTO with ring-body was used for dose control

in this study, as shown in Fig. 2.4 and 2.5. The dose constraint for ring-body

was that no volume would be above 85% of the prescription dose. Parameters

for the NTO were set as 0.5, 105, 50, 0.4 for distance from the target border
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Figure 2.4: Ring-body used to control entrance dose.

(cm), start dose (%), end dose (%) and fall-off, respectively. The priorities for

both ring-body and NTO are equal to that for PTV. These parameters were

determined by experience.

• Dose structures

After the previous steps, near optimal plans were achieved for most of the

cases. For some cases with complex tumor shape, nonetheless, dose structures

converted from isodose levels were used to further eliminate hot spots and limit

the dose spread out. This control region was created by subtracting PTV with

2 cm expansion from the 95% of prescription dose region. The dose constraint

was 95% of the prescription dose with the same priority of PTV. This post

planning step is performed in clinical plans routinely and hence implemented

in this study as well.

In addition, clinical planning steps, such as fixed jaws, structure resolution adjust-

ment, fluence smoothing after optimization were also used for some cases.

With these efforts, automatically generated plans had the best dosimetric quality

and the variation of the quality only depended on the beam angle spread score in

18



Figure 2.5: NTO setup in Eclipse TPS

the BAS model. Plan evaluation and statistic analysis were performed.

2.3 Plan evaluation and data analysis

2.3.1 Plan evaluation

Two categories of metrics were used to assess the quality of the automatically gen-

erated plans: qualitative analysis and quantitative analysis. Qualitative analysis

involves the check of spatial dose distributions on each image slice and DVH curves

for each structure. In qualitative analysis, indexes such as dose coverage, dose uni-

formity, dose gradient, hot spots, etc. for every plan are evaluated and recorded.

As to the quantitative analysis, important dosimetric parameters are selected based

on RTOG protocols (0617 and 0813) and literature (39) for plan evaluation, among

which conformity index (CI), homogeneity index (HI), dose spillage (R50) and D2cm
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are used to estimate the PTV dose coverage while other dose-volume data, such as

Dmax for spinal cord, V5, V20, Dmean for lungs, V60, Dmean for esophagus, V40, V60,

Dmean for heart, etc. are used for assessment of OAR dose sparing. The meaning of

these parameters are listed as follows:

Vx: the percentage of the structure volume receiving at least x Gy or x% of the

prescription dose.

Dx: dose delivered to at least x% of the organ volume.

Dmean{max: mean or maximum dose deposited to a certain organ.

CI: conformity index (CI) is defined as the ratio of volume enclosed by the pre-

scription isodose line to the PTV volume, as shown in Eq. 2.5. Since in this

study all plans were normalized to 100% prescription dose covering 95% of the

PTV, 0.95 is the best value for CI, i.e. the closer to 0.95, the more conformal

of the dose distribution to the PTV.

CI �
V100%
VPTV

(2.5)

HI: homogeneity index (HI) is the ratio of the difference between maximum dose

and minimum dose received by the PTV to the prescription dose. However, as

the true maximum and minimum dose is not reliable because of the frequent

occurrence of the high dose gradient in IMRT, minimum dose to 2% of the

PTV (D2%) and maximum dose to 98% of the PTV (D98%) are used(40), as

shown in Eq. 2.6. Since HI describes the dose distribution in the target volume,

a lower HI indicates a more homogeneous distribution.

HI �
D2% �D98%

DRx

(2.6)
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R50: R50 or dose spillage is the ratio of the target volume receiving 50% of the

prescription dose to the target volume, as shown in Eq. 2.7. The lower the R50,

the smaller the region of the dose spread out.

R50 �
V50%
VPTV

(2.7)

D2cm: D2cm is the maximum dose in the region 2cm away from the PTV in all direc-

tions.

2.3.2 Data analysis

Dosimetric parameters as defined above were extracted from the DVH curves for all

plans. They were analyzed in two steps. First, automatically generated plans, as a

whole group, were compared with the clinical plans. The p values with two-sided

Students t-test were calculated for each dosimetric index based on the assumption

of normal distribution of the data. Then dose metrics as a function of angle spread

score were investigated. To help determine the statistically optimal value of the angle

spread score, a composite index was further constructed based on the percentage error

between these metrics in the model-based plans and clinical plans as follows

I �
¸

i

wiEi (2.8)

where Ei is the percentage error of the ith index and wi is the related weighting.

Based on the significance of the improvement to plan quality for each index, 1, 1, 1,

1, 0.8, 0.5, 0.5, 0.8, 0.5, 0.5, 0.5, 0.8, 0.5, 0.5 were assigned to CI, R50, HI, D2cm,

Dmax for cord and cord +3mm, V5, V20, Dmean for lungs, V60, Dmean for esophagus,

V40, V60, Dmean for heart, respectively.
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3

Results

The average size of the targets for all 14 lung cases was 336.0� 109.8 cc (range from

151.48 to 521.20 cc), representing a relative large and complex target. Clinically,

the average planning time for these complicated cases were hours. By means of the

knowledge-based automatic IMRT planning algorithm, the planning efficiency was

greatly improved; typically a plan was completed within one hour. To examine the

difference on beam angle selections between manual work and the BAS model, clinical

and model-generated beam angle sets were compared, as shown in the example in

Fig. 3.1. Arrows with longest length represent radiation beams (nine beams) in

the clinical plan and others with various lengths identified by different colors are

beam angle sets (eight beams) derived from the model by changing the angle spread

constraint k. Although deviation exists, beams in all plans distribute over the same

regions, i.e. anterior directions from �400 to 500 and posterior directions from 1200

to 2400. This is consistent with the intuition that candidate beams should minimize

the penetration through the lungs and other critical organs as shown in Fig. 3.2.

In addition, a beam set with angle spread score k � 0, unsurprisingly, has the

most compact distribution while the angles in other sets are more disperse. Angle
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Figure 3.1: Comparison diagram of beam configuration for a lung case

differences among sets with k ¡ 0 are relatively small. Beam configurations for other

cases also share the same features and they can be found in Fig. A.1.

To further evaluate which beam set is preferable, the corresponding plans were

generated and effort was spent to make the plans as good as possible. Qualitative

analysis and quantitative analysis then were performed to assess the plan quality.

3.1 Qualitative results

Fig. 3.2 is an example that shows dose distributions for a clinically approved plan

and a model-based plan with angle spread score k � 0.6, respectively. In this case,

100% isodose line (red) in the model-based plan (left) is more conformal to the target

(green area) than the clinical plan in the right. The dose falloff outside of the PTV

is also faster in the model-based plan. Further, hot spots are severer in the clinical
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Figure 3.2: Comparison diagram of dose distribution between a clinical approved
plan and a model-based plan for a lung case

plan. However, the low dose region, such as the area enclosed by 50% isodose line, is

larger in the model-based plan, which indicates a dose increase to the lungs. Since

lung volume receiving 20% of the prescription dose (V20) is a significant index for the

occurrence of radiation pneumonia (3), determination of a preferable plan between

these two cannot be made without further inspection of the lung DVH curves.

Fig. 3.3 shows DVHs (dash lines) of PTV, lungs, heart, spinal cord, as well as

esophagus for each automatically generated plan and the comparison with those

(solid lines) in the clinical plan. All of the model-based plans show the same features

compared to the clinical plan: a sharper dose falloff, a much lower maximum dose

received by the spinal cord, equivalent dose distributions for the heart and esophagus

but a slight dose increase in the low dose region for the lungs. Therefore, taking both

the spatial isodose distribution and the 2D DVH curves into account, the model-based

plans are more acceptable in clinic. DVHs for other cases can be found in the Fig. A.2

and Fig. A.3.
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Figure 3.3: Comparison diagram of DVHs for PTV and OARs between a clinical
approved plan and model-based plans for a lung case

3.2 Quantitative results

The values of dosimetric parameters for each structure were extracted from the clini-

cal and model-generated plans. Based on the data, we explore (1) the effectiveness of

this automatic lung IMRT treatment planning algorithm, and then (2) the optimal

value of angle spread score in the beam efficiency index. To achieve the first goal, all

plans are divided to two categories: clinical plans and model-based plans. The val-

ues of selected dose parameters are averaged in these two categories respectively and

compared with each other by paired two-sample Student’s t-tests. Table 3.1 shows

the mean and standard deviation of the dosimetric parameters over all plans in each

category. P-values are calculated for comparison between clinical plans and model

plans. According to the data, model-based plans have much lower values on dose

metrics for the PTV, heart and cord while larger values for other organs especially

for lungs. On average, we observed more than 15% reduction on the conformity

index and homogeneity index for PTV and V40, V60 for heart while an 8% and 3%
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Table 3.1: The mean of the dosimetric parameters over all plans

Structure Dose Metrics Clinic Model p
PTV CI 1.57 � 0.36 1.26 � 0.22   0.001

R50 7.15 � 2.16 6.44 � 1.42 0.011
HIp%q 14.35 � 4.25 12.00 �2.22   0.001
D2cm 109.32 � 6.42 104.95�9.18   0.001

Cord Dmax(Gy) 41.20 � 7.44 40.83 � 6.16 0.718
Cord+3mm Dmax 46.47 � 6.34 47.59 � 6.01 0.234
Lungs V5(%) 54.03 � 11.35 57.95 � 9.94 0.016

V20(%) 26.79 � 6.24 27.63 � 6.11 0.372
Dmean(Gy) 15.39 �3.29 15.25 � 3.06 0.767

Esophagus V60(%) 26.26�15.40 26.00 �15.55 0.910
Dmean(Gy) 32.56�9.65 32.76�9.76 0.895

Heart V40(%) 17.23 � 12.35 13.37 � 13.00 0.047
V60(%) 4.86 � 5.74 3.81 � 4.45 0.176
Dmean(Gy) 17.75�11.08 16.38�10.12 0.398

increase on V5, V20 for lungs, respectively. P-values for PTV metrics are all less than

0.05, indicating statistically the significance of the improvement to PTV, whereas

those for critical organs are larger than 0.05 except V5 for lungs and V40 for heart.

The corresponding box plots for each dosimetric pair are shown in Fig. 3.4. A more

intuitive expression of these differences is shown in the bar plot 3.5.

To achieve the second goal, i.e. to find the best value of angle spread score

k, we explore the variation of dose metrics as a function of k, as shown in the

example in Fig. 3.6. From the graphs we can see that some metrics such as CI,

HI, D2cm for PTV and dosimetric parameters for lung, esophagus and heart, have

clear trends, while the others behave in a more complex manner. Even for those

metrics with explicit trends, it is still hard to draw any solid conclusion once they

were considered synthetically. As the model is supposed to be useful for any case, the

integrated information over all model-based plans is utilized. Profiles for the average

of each dosimetric index over all plans are shown in Fig. 3.7. From the picture each
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Figure 3.4: Dose metrics boxplots of clinical approved plans and model-based plans

Figure 3.5: Bar plot of the percentage error of dose metrics between the averages
of clinical and model-based plans
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Figure 3.6: Dose metrics as a function of angle spread constraint k for one case

index shows a clearer variance as k changes. Indexes for PTV and heart seem to

monotonically decrease, those for lungs and esophagus monotonically increase and

for cord, however, a decrease-increase-decrease trend is observed. Yet, the dilemma

of determination of k still exists. To solve this issue, the composite index defined in

Eq. 2.8 is calculated and plotted in Fig. 3.8. The minimum point lies at k � 0.6,

which is considered as the best value for angle spread score.
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Figure 3.7: Average of dose metrics as a function of angle spread constraint k over
all plans

Figure 3.8: Plot of composite index as a function of angle spread constraint
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4

Discussion

Within the framework of a knowledge-based automatic lung IMRT treatment plan-

ning algorithm, a polynomial coefficient reflecting the combined effect of multiple

beams was systematically studied and its statistically optimal value was obtained.

Although only 11 patients and 14 planning cases were involved (primary and boost

plans were regarded as different cases), they were so complex that much energy and

time was invested to obtain clinically acceptable plans. Plan regeneration using this

new algorithm is encouraging, with planning time dramatically reduced while quality

is ensured. This is attributed to the validity of beam configurations determined by

the BAS model and the efficacy of optimization objectives predicted by the OAR

DVH prediction model.

4.1 BAS model

Instead of Eq. 2.1, a modified beam efficiency index 2.3 was employed in this study.

The former emphasizes the relative energy absorption along a beamlet path to target

and normal tissues and is an average index value of Eq. 2.2. The Eq. 2.3, in contrast,

focuses on the total dose distribution in one direction. It can be considered as the
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Figure 4.1: Plot of beam spread term as a function of angle separation with δ
taking various values

radiation beam in a particular direction contains only one beamlet with the size of

the tumor or it can also be thought of as the sum of the beamlet weighted by the

total target dose deposition in a particular direction. Hence, it is a more direct way

to select beams, i.e. those that result in the largest dose accumulation to the target

are selected.

Moreover, the introduction of the beam separation term in the EI is effective.

According to the qualitative plan evaluation and the curves of the dose metrics as

a function of angle spread score k, beam configurations derived based only on the

dosimetric information, i.e. k � 0, lead to inferior plans compared to either clinical

plans or other model-based plans. However, due to the nonlinearity of this term as

shown in Fig. 4.1, it can dominate the EI in the case of the proximity of two beams
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if δ is not properly chosen. The beam configurations for each case also show that the

minimum angle difference is about 5 degree as shown in Fig. A.1. Thus there is a

risk that the best beam set might be missed. Also, the model only adjusts the beam

spread in the transverse plane, but this can cause over-adjustment especially when

non-coplanar beams are used. In addition, the model currently does not consider

the optimization of the collimator rotation, which is supposed to reduce the leakage

dose to the patient via MLC.

Several uncertainties exist in this model as well. First, model-based plans only

use 8 beams with at most 4 non-coplanar beams. These two numbers are utilized

based on clinical experience, but they are not necessarily the best for a particular

patient. The literature (41; 42) has some discussions on this issue: Ehrgott et al.

(42) claim that IMRT plans are definitely improved by adding more beams; Bortgeld

et al. (41) conversely state that the required beam number can be derived based

on the measurement of dose variability. Another uncertainty in this model is the

values of a set of weighting factors defined in the EI. They were set empirically in

this study based on prior knowledge of the dosimetric tolerance of the critical organs.

Theoretically, the best value of angle spread score can only be achieved with the best

set of weighting factors while the weighting factors can be set optimally when the

angle spread score takes the best value. For this dilemma, empirical determination

of some parameters is a good starting point. Finally, these two sets of factors can

potentially be reduced to one set by absorbing the angle spread score in the weighting

factors.

4.2 OAR DVH prediction model

As mentioned before, the OAR DVH prediction model used to acquire dose- and

dose-volume-based objectives for beamlet optimization does not necessarily result in

absolute best dose sparing constraints. Manual adjustment, albeit modest, to these
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constraints are needed, which is a time-consuming process. Even so, the set of dose

objectives from this model is a reliable guide and it effectively reduces the planning

time. To generate best plans for each angle set, rings in regions far from the target

and dose structures are used. They effectively reduce hot spots and ensure PTV

dose conformity, but slightly increase the dose to the low dose regions for OARs. In

view of these trade-offs, generally used are rings with 2cm width and 3cm far from

the target and dose structure converted from 95% isodose line.

Owing to the BAS model as well as the OAR DVH prediction model, plans can

be produced automatically with little or no human intervention. First, beam config-

urations coincide with the prior knowledge for beam selection. As shown in Fig. A.1,

beam configurations from all model-based plans and clinical plans show regional

consistency in angle distribution. Second, automatically generated optimization ob-

jectives reflect the ”best” prior available knowledge on dosimetric constraint setup.

These two models functioning together result in plans with comparable or improved

quality compared to clinical plans, especially on dose metrics for the PTV.

However, although the mean values of the dosimetric parameters shown in the

Table 3.1 show improvement on dosimetric quality for PTV, the corresponding stan-

dard deviations degrade this conclusion to some degree, showing less strong evidences

of the improvement of the plan quality. Nevertheless, the large standard deviation in

either the clinical plans or model-based plans should be mostly ascribed to the varia-

tion of the patient’s anatomy, including the PTV size, shape, location, and the lung

size as well. Moreover, the case by case comparisons of those parameters, isodose lines

(Fig. 3.2) and DVH curves (Fig. A.2 and Fig. A.3) between clinical plans and model-

based plans show the quality improvement in the model-based plans. In addition,

most of the p values for critical organs in Table 3.1 are not less than the significance

level of 0.05, indicating a limitation of the models to the dosimetric improvement to

critical organs. The DVHs shown in Fig. A.2 and Fig. A.3 also demonstrate the vari-
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ation of dosimetric quality for critical organs among different cases. The geometrical

differences of OARs to PTV probably cause the variation. For example, DVHs for

the esophagus in the clinical plan for case lung-032 are much lower than the clinical

threshold which indicates a large separation between the esophagus and the target.

Therefore, the model tends to increase the dose to the organ within the threshold so

that other organs can gain improvements. However, the model behaves differently in

lung-059 where the esophagus is in proximity to the target. From this point of view,

the model can balance the dose deposition to different OARs based on the target

location. Due to the limited number of the patient cases, expanding the study with

more cases will likely improve the statistical power.

The optimal beam angle spread score is determined by minimizing the composite

index Eq. 3.8 which is a sum of the weighted percentage error of the dosimetric

indexes. The weights are set empirically based on the significance of these indexes

described in RTOG 0617, i.e. Dmax for cord, V20 for lungs and V40 for heart have a

relative higher weight except the dose metrics for PTV. However, the derived beam

angle spread score is only optimal in statistics. Depending on patient anatomy, the

optimal score may be slightly different, but Fig. A.2 and Fig. A.3 show that when

beam spread score varies from 0.4 to 0.8, plan quality does not change much.

Another limitation is the patient database used in this study. Only a limited

number of patients with similar target locations (all tumors are located in medi-

astinum with some extended to lungs) treated by non-coplanar beams were involved.

Nonetheless, the tumors in these cases were large and complex, causing planning

difficulties in clinic. We assume that if the algorithm can work well on these com-

plicated cases, it will show positive efficacy on easier ones. Moreover, more tests on

clinical plans are needed to verify the effectiveness of this algorithm.
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5

Conclusion

Knowledge-based lung IMRT planning algorithm further developed and tested in this

study demonstrates the effectiveness in producing high quality treatment plans even

for complex tumor cases with a need for non-coplanar beams. The BAS model using

a modified beam efficiency index can provide statistically the best beam configuration

based on patient-specific anatomy with angle spread score taking the optimal value

derived from this study. The application of OAR DVH prediction model for fluence

map optimization then leads to an optimal or near-optimal dose distribution for the

best beam angle set. This algorithm can potentially improve the planning efficiency

while maintain the plan quality for IMRT plans with non-coplanar angles in which

the planners usually have less experience. However, the generality and robustness of

this algorithm should be further verified by more tests.
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Appendix A

Beam configurations and DVHs
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Figure A.2: Comparison diagram of DVHs for PTV and OARs between a clinical
approved plan and model-based plans for all cases(1)
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Figure A.3: Comparison diagram of DVHs for PTV and OARs between a clinical
approved plan and model-based plans for all cases(2)
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