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Abstract 

Intensity Modulated Radiation Therapy (IMRT) has allowed a large degree of 

healthy tissue sparing while delivering therapeutic dose to tumors.  However, the 

treatment planning process for IMRT is iterative and time consuming and the resultant 

plan quality is highly dependent on the skill and experience of the planner. 

A knowledge-based approach to IMRT treatment planning was used to generate 

high quality IMRT plans for patients from an outside, independent hospital, using 

previously treated Duke plans as a reference library.  An image-similarity metric was 

used to identify the patient from our database with the most similar anatomy to each 

new patient.  Parameters from the Duke plan were then modified and applied to the 

new patient, resulting in high quality dose distributions.  Plan quality was assessed by 

dose-volume cut points on cumulative dose volume histograms. 

In conclusion, the treatment planning time was reduced to approximately ten 

minutes for all cases, and the resultant plans were frequently of higher quality than the 

original, manually produced plans.  The quality of the Duke treatment plans was 

transferred to the new patient, as the plans were adapted to the new anatomy. 
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1. Introduction 

1.1 Clinical Relevance 

Prostate cancer was the most common cancer in the United States in 2011, with 

240,890 new cases diagnosed.  The average risk of a man developing prostate cancer in 

his life has been calculated as 1 in 6[1].  Prostate cancer has been very successfully 

treated with Intensity Modulated Radiation Therapy (IMRT), with 90% of early stage 

cases disease-free after five years[2].  Furthermore, it has been shown that IMRT can 

result in improved quality of life post-treatment compared to 3D conformal radiation 

therapy, even when larger tumor doses are delivered[3].  Although IMRT has developed 

into a widespread clinical tool, large discrepancies in treatment quality and the time 

taken to plan the treatments have been documented in multiple hospital studies.  In one 

study, 46% of patients were planned to receive a maximum dose of more than 110% of 

the prescription, and 63% were planned to receive a minimum dose less than 90% of the 

prescription with some cold spots in the tumor close to 0% of prescription[4].  Average 

treatment planning times for prostate IMRT on the Eclipse treatment planning system 

have been reported at approximately three hours, with wide variability among different 

planners[5].  Clearly hospitals vary widely in their standards for IMRT quality, a fact 

that is likely heavily influenced by the significant time and resources required to 

administer the treatment. 

1.2 Prostate IMRT 

The primary goal of IMRT is to deliver less dose to normal structures while 

maintaining adequate dose coverage of the Planning Target Volume (PTV).  The PTV is 

created by adding a margin around the clinical target volume, to account for possible 
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set-up errors and patient motion.  For prostate cancer, the bladder, rectum, and femoral 

heads are of primary concern as organs at risk (OARs), due to their close proximity to 

the PTV and their susceptibility to radiation damage.  The amount of radiation received 

by these structures has a significant impact on the patient’s quality of life following 

treatment[6, 7].  With IMRT, the goal of sparing the OARs while covering the PTV with 

the prescribed dose is achieved by modulation of the radiation fluence across each 

beam[8].  Rather than blocks or wedges, each IMRT beam has a fluence map, which 

essentially treats the beam as hundreds of small fields, each of which can deliver a 

different amount of radiation fluence during the treatment.  For prostate cancer, Duke 

Hospital normally uses seven co-planar beams, roughly evenly spaced around the 

patient (25, 75, 130, 180, 230, 280, and 335 degrees). 

 

Figure 1: Seven Standard Beam Angles for Prostate at Duke 
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Figure 2: A Typical Modulated Fluence Map at Duke Shown as Color map 

 

1.3 IMRT Optimization 

  A three-dimensional dose distribution is created by combination of all of the 

doses resulting from the fluence patterns in the treatment plan, and this dose 

distribution should be optimized to minimize normal structure dose while maximizing 

PTV coverage.  IMRT treatment plan optimization is considered an inverse problem, 

where the desired dose distribution is treated as the input and the fluence patterns to 

create that distribution are the outputs[9].  The input dose distribution may be specified 

in several ways, the most common of which is weighted dose/volume objectives.  These 

objectives are incorporated into an objective function, which combines all of the dose-

volume objectives into one value to be minimized, using all of the beamlet fluence 
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values as variables.[10].  Several algorithms for minimizing this objective function are 

available, offering trade-offs between accuracy, effectiveness, and speed[8, 11, 12].  Once 

the algorithm has minimized the function, the planner analyzes the dose distribution, 

and another iteration with new dose-volume objectives or weights is conducted, until a 

satisfactory distribution is achieved.  Some optimization algorithms are prone to 

converging to local minima, and the achievable dose sparing for a given patient is 

initially unknown, so many iterations may be necessary to realize the best available 

fluence patterns[10].  

The iterative process of treatment planning can become time consuming, and the 

evaluation of dose distributions, either by way of dose-volume histograms or isodose 

lines on the CT images, is highly subjective.  Dose-volume limits for various organs have 

been published to help minimize the probability of complications from any given 

treatment plan[13, 14].  However, these limits are population-based and statistical in 

nature, and may be difficult or impossible to meet based on the patient's individual 

anatomy and disease state.  Therefore, the best definition of an optimal IMRT treatment 

plan is one that minimizes dose to critical structures to the greatest extent possible given 

a specific patient's anatomy.  
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Figure 3: Normal Tissue Constraints Used at Duke for Prostate Cancer 

Several attempts have been made to reduce the optimization time, or to avoid 

local minima in IMRT planning.  Lu et al have shown that a reduced order constrained 

optimization can quickly meet objective constraints by replacing the full intensity space 

with a small number of basis vectors, although with some loss of plan quality[15].  

Simulated annealing optimization is useful for avoiding local minima in the objective 

function, but is computationally slow[11].  A method has been proposed to predict the 

possible dose sparing for a given patient, based on anatomical comparisons to 

previously planned patients.  While this technique would not produce a plan, it would 

allow the planner to begin with informed goals for the planning outcomes[16].  Li et. al. 

have developed a system for quickly re-optimizing plans based on daily imaging to 

account for organ motion.  In this system, a collection of plans is saved for each patient, 

and the plan most closely synching with the current anatomy on any given day is 

quickly re-optimized and used[17].  This on-line re-optimization system is similar to our 

knowledge-based approach, but it does not allow inter-patient matching. 
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1.4 Knowledge-based IMRT Planning 

Knowledge based treatment planning (KBRT) has been proposed by our group 

as a solution to the time and experience requirements inherent in IMRT planning.  The 

main premise of knowledge-based planning is that the effort and knowledge applied to 

previously treated patients can be referenced and re-applied to new patients, provided 

the plans in the database were optimized to minimize normal organ doses and not just 

meet some specified constraints.  Thus, the previously used treatment plans form a 

library of knowledge of how to treat individual cancer patients.  If properly accessed 

and adapted, this knowledge can take the place of much of the iterative treatment 

planning process. 

An effective knowledge based method was established, whereby a “query” case, 

representing a new patient, was anatomically compared to a database of previously 

treated Duke prostate cancer patients.  The best-matched patient from the knowledge 

base was called the “match” case and its fluence information was adapted and imported 

into a new plan for the query case.  The optimization algorithm was then run for a few 

iterations (until no further improvement) without manual intervention, using the final 

set of optimization objectives from the match case.  It was shown that IMRT treatment 

plans created this way delivered comparable DVH plan quality when compared to 

treatment-approved plans that were manually created for the query patients[18].  

This initial study of KBRT applied the process across institutions in a small 

sample of cases as a feasibility study[19].  Plans created at Duke were adapted to 

patients originally CT scanned, contoured, and treated at an outside institution.  A 

pattern of plan quality was noticed in two such outside institutions, in which the fluence 

maps were minimally modulated.  It is unknown why this pattern occurred, but it was 
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consistent across all prostate IMRT plans at the institutions studied[20].  Because of this 

trend, it is likely that the outside institution’s plans can be improved.  This study will 

demonstrate the time saving and quality improvement possible when the KBRT is used 

to adapt Duke treatment plans to a large set of patients at a small outside clinic.  

 

Figure 4: Representative Fluence Maps from Duke (Top 2 Rows) and Clinic B 
(Bottom 2 Rows)  [20] 
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2. Methods 

2.1 Knowledge Base 

 Our knowledge base consisted of 132 anonymized patient data sets from patients 

previously treated for prostate cancer with seven-field IMRT treatments at Duke.  For 

each patient, we used the contoured structures and plan information: optimization 

objectives, fluence maps, gantry angles, and isocenter location.  The new query patients 

for this project were prostate cancer patients treated with seven-field IMRT at an outside 

institution, Clinic B.  The CT data, contoured structure sets, and original plans were 

obtained for all of these query patients.  Clinic B is a small community hospital with one 

radiation oncologist and one medical physicist that uses the same commercial treatment 

planning system as Duke, Eclipse (Varian Medical Systems).  The query patients from 

Clinic B were treated as blank slates: in creating new plans, we only used the simulation 

CT and structure set as contoured by Clinic B's staff.  The dose information from the 

original plan was retained as a benchmark for plan quality comparison. 

2.2 Creating Beam's Eye View Projections 

While all the anatomical structures are inherently three-dimensional, each beam 

"sees" a two-dimensional projection of the structures and delivers a two dimensional 

fluence pattern.  To represent the anatomy of each patient, two-dimensional beam's eye 

view (BEV) projections were obtained of each of the five structures (PTV, bladder, 

prostate, and femoral heads) at the seven standard treatment angles used at our 

institution.  These BEV projections were generated from the 3D volumes as rendered by 

code adapted from the Computational Environment for Radiotherapy Research (CERR, 

Copyright 2010 Joseph O. Deasey), a Matlab-based software package[21]. 

The CERR package contains a tool for rendering contoured structures in 3D, 



 

9 

which was used in past successful attempts at knowledge-based planning.  A number of 

problems with the 3D rendering system were revealed because of the planning 

characteristics of the outside institution used in this study.  Clinic B employed a different 

CT voxel size than Duke, as well as a highly variable CT scan length, which caused its 

structures to be rendered on a dramatically different scale than the Duke structures.  

This scaling problem went previously unnoticed because Duke's CT scans use a very 

consistent slice separation, and all images were acquired on the same equipment.  In 

order to maintain a constant size scale between the two institutions, the CERR code was 

edited to develop a centimeter coordinate system based on the CT voxel dimensions, 

and render the volumes by this coordinate system, instead of the original voxel-based 

coordinate system.  In this way, distance ratios between all structures and institutions 

were maintained in our BEV projections.  

 

Figure 5: Two Bladders Before and After CERR Changes 

The bladders from Duke 30 (red) and PMC 17 (magenta) before (top) and after (bottom) 
the CERR code changes.  The true ratio in height as measured on the CT should be 6.9cm 
/ 4.5cm = approximately 1.5. 
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The BEV projections for each of the five structures, bladder, rectum, PTV, and 

femoral heads, were summed using a binary indexing system to create beam's eye view 

projections of the entire anatomy at each of the seven standard angles.  Each structure 

was assigned a unique number, such that each combination of overlapping structures 

would be assigned a unique number when the projections were summed.  These 

multiple-structure images could then be compared between patients.   

 

Figure 6: Binary Indexing System for Multi-Structure Masks [20] 

 

2.3 Similarity Metric 

To identify the best match case for the query case, a similarity metric was 

needed.  Mutual information was used as this similarity metric, as it was shown 

successful in prior knowledge-based work, and has been used in image registration and 

CAD applications.  The mutual information between images A and B is given by the 

formula: 

MI A;B( )= p
b Ba A

a,b( )log
p a,b( )
p a( )p b( )
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In this formula, a and b represent the individual pixel values in the images.  p(a) 

represents the fraction of pixels in Image A with a value of a, and p(a,b) represents the 

probability of a pixel in image A having the value a, and the same pixel in image B 

having the value b.  Thus, mutual information is a purely statistical comparison between 

the image histograms, quantifying how much information of image B is known given 

information from image A. 

 The mutual information was calculated between the query and match 

case for the multi-structure projections at each of the seven angles, and the results 

averaged.  Thus each query/match combination was represented by one MI value.  The 

match case with the highest MI score was considered the best match for that query case. 

2.4 Registration 

The best-matched patient from the knowledge base is expected to have similar 

anatomy to the query patient, but the two PTV's often have different shapes.  To correct 

for shape differences between the PTV of the query and match cases, we employed a 

deformable image registration.  The open-source image registration software Elastix [22] 

was used to conduct multi-pass deformable b-spline registrations.  At each of the 

treatment angles, the match PTV was deformably registered to the query PTV, resulting 

in a transformation matrix between the two PTV projections.  This transformation was 

then applied to the fluence map for that angle, resulting in a fluence map that matched 

the shape of the PTV. 

In previous knowledge-based work, the fluence map was registered directly to 

the PTV, and the resulting transformation matrix was re-applied to the fluence map 

alone.  This method suffers from uncertainty in the boundaries of the fluence pattern, as 

well as the fact that the fluence map is larger than the projection of the PTV to keep the 
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penumbra region on the edge of the fluence out of the target volume.  In this study, the 

match PTV was registered to the match PTV, with the resulting transformation applied 

to the fluence map. 

 This study also changed the previous method to conduct the registration around 

the isocenter.  This is important, as in the clinic, the fluence diverges away from the 

beam’s central axis, so fluence values have an inherent directionality that must be 

preserved.  The BEV's of the PTV were constructed with a small number of pixels at the 

isocenter set to a higher value to mark its location.  The match PTV was translated with 

respect to the query PTV to align the isocenter locations prior to the deformable 

registration.  The BEV projections were then cropped to have the same dimensions 

between the isocenter and edge of the image as the fluence map.  The small isocenter 

markers were left in place for the deformable registration, to guide the program to 

preserve the fluence orientation about the isocenter. 

2.5 Automation 

 The entire process, from new patient projection creation to similarity matching to 

deformation and registration, was automated using Matlab scripts.  With the input of a 

contoured data set, the code will identify the best-matched case from the knowledge 

base and output fluence maps that fit the new PTV at the match case treatment angles.  

No human intervention was required until the importing of the deformed fluence maps 

and the match case final optimization objectives into the commercial treatment planning 

system Eclipse. 
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2.6 New Plan Creation and Quality Analysis 

For each new query patient, a new plan was created using the same structure set 

and prescription dose as the original treated plan.  The gantry angles in the new plan 

were set to those from the match case plan, and the deformed fluence maps were 

imported to the beams in the new plan.  After the fluence maps were imported, the 

optimizer was run using the final optimization objectives from the match case.  The 

optimizer was allowed to run until the objective function reached a minimal plateau, 

usually 50 iterations, lasting approximately 90 seconds.  No adjustments were made to 

the optimization objectives during the process. 

 The dose volume histograms for the new plan were calculated using the AAA 

algorithm included in Eclipse.  A limiting factor for the amount of achievable dose 

sparing is each individual patient's anatomy, so the original clinically accepted and 

delivered plans were used as a baseline comparison for the new DVH data.   Dose-level 

cut points were used to evaluate the plan quality, comparing the volumes above the cut-

point doses between the knowledge-based plan and the original plan.  
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3. Results 

3.1 Dose-Volume Cut Point Evaluation 

The DVH data for the plans was evaluated at the dose-volume cut points used to 

evaluate plans at our institution.  These cut points are based on a prescription dose of 76 

Gy.  Since prescription doses vary and essentially represent a scaling factor applied to 

the DVH's, the cut points were evaluated as a percentage of the prescription dose rather 

than absolute dose values.  Because of this scaling, all plans could be evaluated fairly 

under the same metric. 

Table 1: Dose-volume cut points and percentage of plans meeting them. 

OAR 
Dose (Gy) 

Volume % Original Below 

Constraint 

% KBRT Below 

Constraint 

Bladder 75 <10cc 5.6 9.3 

 65 25% 87.0 88.9 

 40 40% 64.8 68.5 

Rectum 75 <10cc 44.4 64.8 

 65 17% 83.3 94.4 

 40 40% 46.3 74.1 

Femoral Heads 50 0% 72.2 86.1 

 

While a good clinical reference point is created by these dose-volume objectives, 

they only represent guidelines based on endpoint toxicities in large populations.  

Complete avoidance of toxicities is not guaranteed by a plan meeting the objectives, so 

the volumes should be reduced as far as possible at each dose level.  Also, the meeting of 
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an objective may be completely prevented by the patient’s anatomy and overlap 

between the normal structures and PTV.  Even if the objective is exceeded, the volume 

should be as small as possible to control the risk of adverse effects.  Therefore, a more 

complete evaluation of plan quality would take into account the actual position of the 

DVH curves at each of the cut points, regardless of whether it is above or below the 

suggested value. 

To evaluate the DVH data beyond simple meeting of constraints, the new plans 

were compared to the originals by evaluating the percentage of the structure volumes 

exceeding each dose level.   The mean differences for each case are reported in table 2.  

The differences were calculated as: V75(Original) - V75(KBRT), and similarly for each of 

the dose levels.  Therefore, the percentages refer to the fraction of the structure 

exceeding the dose cut point.  KBRT giving less dose is represented by a positive 

difference in Table 3.   

Table 2: Differences in Volumes Receiving Dose  
(All differences represent KBRT dosing less volume) 

Structure Dose (Gy) Mean Difference (%) Std Deviation Signed Rank 

Bladder 75 0.48 2.1 p = 0.18 

 65 1.18 3.7 p = 0.05 

 40 2.18 10.8 p = 0.45 

Rectum 75 1.15 1.8 p < 0.001 

 65 4.10 4.6 p < 0.001 

 40 11.97 14.7 p < 0.001 

Fem. Heads 50 0.50 2.7 p = 0.05 
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 On average, the KBRT plans were nominally lower than the original plans at 

every dose point.  The Wilcoxon signed rank test was used to evaluate p values for 

differences in the medians of the non-normal distributions.  The bladders received 

statistically comparable dose in the KBRT and original plans, but the rectums and 

femoral heads received significantly less dose in the KBRT plans than the original 

treatment approved plans at every dose level. 

3.2 PTV Coverage 

  A plan cannot be considered optimal if it fails to adequately cover the 

PTV with the prescribed dose.  Although all plans were normalized to cover 95% of the 

PTV volume with 100% of the prescribed dose, significant variation was observed in the 

uniformity of the PTV coverage, with some plans showing hot spots over 110%.  The 

homogeneity index (HI), described by Yoon et. al., was used to evaluate the PTV 

coverage.  The HI is a measure of the width of the "shoulder" of the PTV DVH; with a 

lower HI value meaning the dose coverage is more homogeneous[23].  The KBRT plans 

showed significantly more uniform PTV coverage than the original plans at the 

prescribed dose (p < 0.001).  The p value was calculated with the Wilcoxon signed rank 

test 

Table 3: PTV Homogeneity Index (HI) 

Original Mean HI 8.6 

KBRT Mean HI 5.8 

Mean Difference 2.8 (p < 0.001) 
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3.3 Individual Case Evaluations 

While the overall quality of the KBRT plans is conveyed by the aggregate 

statistics, some individual KBRT plans faired worse than the originals.  It is possible that 

the original manual plans were manually optimized to a greater extent than the Duke 

match plans used on them.  However, further investigation of these plans is warranted 

to identify possible error modes of the KBRT process.  Due to the overall high success 

rates, the femoral heads and PTV's will be ignored for this section. 
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The outcomes were divided into three categories: bladder and rectum both worse than 

original, one better and one worse/the same, and both better than original.  A total of 17 

cases (31%) were universally improved by KBRT.  A representative DVH is shown in 

figure 7. 

 

Figure 7: KBRT Universally Lower 

In this case, the KBRT plan was comparable in PTV coverage, but was universally lower 
for the critical structures.  This is representative of 31% of our cases.  Original = solid, 
KBRT = dashed.  PTV Rectum Bladder. 
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Nine cases (17%) were universally improved on the rectum, while universally 

worse on the bladder.  This pattern was not reversed in any of the cases, that is, the 

rectum was never universally worse when the bladder was improved.  This type of 

comparison can only be properly evaluated subjectively.  A representative DVH is 

shown in figure 8. 

 

Figure 8: Rectum Lower, Bladder Higher 

In this case, the KBRT rectum was universally improved, while the KBRT bladder was 
universally given more dose.  These plans could best be compared subjectively.   
Original = solid, KBRT = dashed.  PTV Rectum Bladder. 
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There were a total of 14 cases (26%) in which one structure was universally 

improved by KBRT, and the other was not universally worse or better.  In these cases, 

the ambiguous structure's DVH improved one or more cut points and worsened one or 

two cut points.  Since the weighting of these cut points is a subjective clinical decision, 

the DVH's in these cases are assumed to be equivalent.  All but two of these cases 

resemble the DVH shown in figure 9, with mostly improved volume throughout and a 

small region where KBRT is higher. 

 

Figure 9: Rectum Improved, Bladder Worse at High Dose 

In this figure, the KBRT plan delivers much less dose to the OAR's overall, but the KBRT 
bladder curve is higher for doses over 100%.  Original = solid, KBRT = dashed.  PTV 
Rectum Bladder. 
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 Eight cases (15%) resulted in worse quality on one OAR and ambiguous quality 

on the other, which is still a subjective decision, but can be assumed to be lower plan 

quality for KBRT.  Four cases (7%) had ambiguous plan quality on both OAR's, and two 

cases (4%) resulted in universally resulted in universally worse DVH quality for the 

KBRT plan.  

 

Figure 10: Rectum Universally Higher, Bladder Crossing 

An example of a case where the KBRT and original plans cross several times on the 
bladder, but the original is consistently better for the rectum.  This plan would be judged 
subjectively.  Original = solid, KBRT = dashed.  PTV Rectum Bladder. 
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Figure 11: Both Structures Ambiguous, Comparable Plan Quality 

In some cases, the KBRT and original DVH's crossed multiple times.  These plans are 
best compared subjectively, although plan quality is similar.  Original = solid, KBRT = 
dashed.  PTV Rectum 
Bladder.
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Figure 12: KBRT Universally Higher 

One of only two cases in which KBRT was higher at every bladder and rectum cut point.  
Original = solid, KBRT = dashed.  PTV Rectum Bladder. 
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Figure 13: KBRT Significantly Higher 

This case, PMC 79, was possibly the worst overall DVH result for KBRT.  However, the 
PTV coverage is more uniform in the KBRT plan.  Original = solid, KBRT = dashed.  PTV 
Rectum Bladder. 
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 A summary of the individual case analyses is shown in Table 4.  While many of 

the cases result in universally improved dose sparing, some had very comparable dose 

sparing to the originals.  Only the last two rows of table 4 (10 cases) were inferior results 

for KBRT, and only the last row (2 cases) was universally worse in OAR sparing. 

 

 

Table 4: Summary of Individual DVH's 

Outcome Number of Cases 

KBRT Universally Lower 17 (31%) 

One Structure Lower, One Crossing 14 (26%) 

Both Structures Crossing 4 (7%) 

One Structure Lower, One Higher 9 (17%) 

One Structure Higher, One Crossing 8 (15%) 

Both Structures Higher 2 (4%) 
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3.4 Planning Time 

As well as providing high quality IMRT plans, KBRT is intended to reduce 

treatment planning time and effort.  The KBRT plans were created through a highly 

automated process, which increased consistency of results and reduced the human effort 

required to make the plans.  An average of ten minutes was required to create every 

KBRT plan.  Approximately five minutes was spent per plan to create the 2D projections, 

identify the best match from the knowledge base, and deform the match case fluence 

maps to fit the query PTV.  This section of time was completely automated, and required 

no human assistance after identification of the query case.  Therefore, the five minutes 

required was purely computer computational time. 

The second half of the planning process was less automated, as it involved the 

commercial treatment planning system Eclipse.  The deformed fluence maps were 

manually imported into the new plan, as were the final optimization objectives from the 

match case.  While the time spent in this portion of the KBRT process was highly 

manual, the average time required per plan was approximately five minutes with an 

experienced operator.  This time could be even further reduced if the optimization 

objectives for all match plans were saved as templates, a feature which is currently 

available in Eclipse.  With the templates, all the objectives could be quickly imported 

simultaneously, which would save a significant portion of the planning time and reduce 

the possibility of typing errors. 
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4. Discussion/Conclusions 

The majority of plans produced with the KBRT method were of greater or equal 

quality when compared to the original plans that were created manually for the same 

patients.  While much of plan quality assessment is subjective and best made by a 

physician, 31% of our plans spared more volume than the originals at all the bladder 

and rectum cut points, and 57% of the KBRT plans would likely be considered to have 

superior dose sparing to the rectum and bladder.  Our plans met the femoral head 

constraints more often than the original plans, and 89% of the KBRT plans had more 

uniform PTV coverage than the originals.  There were ten cases (approximately 20%) 

where the KBRT plan would likely be considered to have inferior dose sparing 

compared to the original, which should be further investigated.   

One common theme among the plans with inferior dose sparing was that the 

optimization objectives were very high.  The critical structure objectives were often 

completely inactive during the optimization of these poor results.  That is, the objectives 

were met before the optimizer was ever run.  Some manual adjustments showed there 

was still considerable slack in the DVH's for those structures, and their doses could be 

quickly reduced by a large amount.  These adjustments were not scientific and not part 

of our KBRT procedure, so the results were not quantified.  However, it is clear that if a 

query case with relatively easy anatomy is matched to a match case with difficult 

anatomy, the KBRT method will produce a DVH more similar to the match's than what 

is theoretically achievable in the query.  It is important to note that these match cases 

with high doses to critical structures may have been highly optimal for those patients 

and are still useful for the knowledge base.  A similar query patient with poor 

achievable dose sparing should, in fact, be matched to a Duke patient with poor 

achievable dose sparing.  Future work should focus on more consistently matching cases 
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with similar possible outcomes, especially similar overlap patterns between the PTV and 

critical structures. 

While the final plan quality was very high for the knowledge based plans, 

improvements could be made on the pre-optimized plans.  Some plans were already 

high quality before optimization, and the optimizer needed to change very little, even 

with aggressive critical structure objectives.  However, the optimizer drastically changed 

some plans after starting with very poor plan quality.  The theory of KBRT relies on 

placing the optimizer very close to the objective minimum, which should help it easily 

find that minimum.  Therefore, ideally, all plans would be fairly close to their end point, 

and the optimizer would only change very little, so we should concentrate on improving 

pre-optimized plan quality as much as possible. 

The mutual information similarity metric was effective in identifying similar 

images, however many best overall matches had poor PTV similarity.  The fluence 

deformation step is designed to correct for PTV shape differences, but some extremely 

dissimilar PTV's were unable to be deformed accurately enough.  In particular, some 

cases have the seminal vesicles contoured, while some do not.  This results in PTV 

structures with dramatically different sizes.  The resulting deformed fluences failed to 

adequately cover the query PTV's when imported to Eclipse.  Future work could attempt 

to pre-identify match cases with similar PTV shape, and then use the mutual 

information metric to identify the most similar full anatomy out of the cases with known 

PTV matches. 

Another potential source of error is in the deformation of the interior regions of 

the fluence maps.  The current method attempts to register the outlines of the PTV's, and 

shape the fluence map accordingly.  This technique does not account for differences 

inside the PTV, such as differences in the size, shape, or location of the rectum.  A 3D 
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deformation solution that accounts for all the structures has been proposed within our 

group, but a potential 2D solution exists in registering the full anatomy projections 

instead of the PTV only projections.  These multi-structure projections could be cropped 

to show only the region covered by the fluence map, and the registration performed 

only on region under a mask of the PTV outline.  This would take all the structures into 

account to better inform the deformation. 

This study was the first attempt to use KBRT to create IMRT treatment plans for 

a large number of patients at an independent institution.  This knowledge-based 

solution created high quality treatment plans, often exceeding the quality of the plans 

that were clinically accepted and used in treatments at Clinic B.  As well as possible 

quality improvement, significant time saving was demonstrated with the KBRT system.  

The average time to complete a knowledge-based treatment plan was approximately ten 

minutes, with five minutes of automated computation time and five minutes of human 

effort at the Eclipse planning computer. 
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