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Abstract

Intensity-modulated radiotherapy (IMRT) has become an effective tool for cancer
treatment with radiation. However, even expert radiation planners still need to spend a
substantial amount of time, approximately 4 hours, manually adjusting IMRT
optimization parameters such as dose limits and costlet weights in order to obtain a
clinically acceptable plan?. Also, the quality of the treatment plan generated is solely
based on the experience and training of the planning. In comparing the geometries of
the planning target volume (PTV), bladder, rectum, right and left femoral heads, a
knowledge-based approach to IMRT treatment planning may reduce the time needed to
generate a clinically acceptable prostate plan. The knowledge-based approach uses the
clinically acceptable plans of previously irradiated patients which are adapted to the
new patient. Patient selection is done by using mutual information (MI). Having
selected the best matched patient, Elastix (a toolkit for rigid and deformable registration)
is used to deform the treatment plan of the previously irradiated patient to the new
patient’s geometry. The Eclipse treatment planning system is used to generate both pre-
optimized and post optimized plans for the new patients. The knowledge-based
treatment plans require no manual intervention. For the 101 patient data, it was shown
that the newly generated plans were of similar or slightly worse dosimetric quality and
were only generated in less than 30 minutes. Given the large size of this data set, the

results are likely to be robust in representing treatment planning efficacy over a diverse
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range of patient anatomy. This work has the potential to automatically provide high
quality treatment plans while dramatically reducing the dependence of the expertise of

the planner and the treatment planning time.
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1. Introduction

Prostate cancer is the second leading form of cancer related deaths among
American men, behind lung cancer. According to the American Cancer Society, 1 in 36
American men will die of prostate cancer’. It is estimated that 241,750 men will be
diagnosed with prostate cancer in 2012 which is 850 more men estimated in 20112. There
are different techniques that are used to treat prostate cancer using external beam
radiation therapy (EBRT), including Helical Tomotherapy, RapidArc Therapy, Intensity-
Modulated Radiotherapy (IMRT) and 3D Conformal Therapy.

RapidArc therapy has proven to be an effective tool in treating prostate cancer as
it minimizes the dose to the organs at risk (OAR). However, this technique does not
deliver a therapeutic dose to the tumor®®. TomoTherapy is also effective in treating
prostate cancer as the dose to the organs at risk is minimized and the tumor dose is
therapeutic®®. RapidArc, TomoTherapy and IMRT are all treatment techniques that
produce a variety of treatment plan qualities but are all improvements to the 3D
conformal radiation therapy'®>2. The 3D conformal therapy is the least effective tool for
treating prostate cancer as the dose to the OARs are not minimized and the dose
coverage of the target tumor is the least therapeutic of the techniques mentioned above
1315, The treatment technique used in this study is IMRT.

IMRT is a conformal radiation technique that is used to minimize the dose to the

organs-at-risk (OAR) and maximize the dose to the target tumor. This is accomplished



by changing the intensity of the radiation during treatment. IMRT is mainly used to
treat the prostate, head and neck and central nervous system cancers and, in limited
cases, the thyroid, breast and lung.'® IMRT can be delivered using two methods: step
and shoot and dynamic multi-leaf collimator which are equally effective at treating
cancer'”, Most prostate cancer patients undergo IMRT, which result in 90% disease-
free rates after five years for early stage cases®.

For the treatment of prostate cancer, the target is the prostate with a 0.5cm
margin known as the planning target volume (PTV). The healthy organs that are at risk
for receiving dose during the treatment are the rectum, bladder and the right and left

femoral heads (see figure 1).

Figure 1: 3D image of the body with the PTV, bladder, rectum, left and right
femoral heads

For the treatment of prostate cancer with IMRT, 5-9 angles are used to deliver a more

therapeutic dose to the PTV and minimize the dose to the OARs. At the Duke Clinic,



seven (7) angles located at angles 25°, 75°, 130°, 180°, 230°, 280° and 335° are used to

deliver a course of radiation as shown in figures 2 and 3 below.

Figure 2: 3D image of pelvic anatomy of patient with the seven (7) treatment
beams



Figure 3: Axial slice of pelvic area with the seven (7) treatment beams

To obtain a clinically acceptable plan using IMRT, a trained medical physicist
manually adjusts the IMRT optimization parameters. These parameters are the volume
and dose constraints for the PTV and the OARs. The optimization parameters are
subjective as they are dependent on the clinical experience of the radiation oncologist,
and the relationship between dose and tissue complications are population-based and
not well understood. The optimization process yields fluences which are maps of the
beam intensity at each of the seven angles. To generate these fluences, a leaf-setting
algorithm is used to determine the motion or the dynamic multileaf collimators. This
algorithm uses techniques that minimize the total beam delivery time can be applied to

the ‘step-and-shoot” and ‘dynamic’ IMRT treatment delivery?.



The quality of the treatment plans are determined from the isodose line
distribution and dose volume histograms (DVH) generated from the optimization
process. These methods of plan evaluation show the dose distribution throughout the
anatomy of the patient. Figures 4 and 5 below are examples of the isodose line

distribution and DVH curves.

Figure 4: Example DVH of PTV (red), bladder (green), rectum(brown) right
femoral head(blue) and left femoral head (cyan)
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Figure 5: Axial CT Image of pelvic region with PTV(red), bladder (green),
rectum (brown), right femoral head(blue) and left femoral head (cyan) and isodose
lines

Though IMRT treatment plans are of high clinical quality, the time needed to
manually adjust these parameters is substantial. The knowledge-based approach to
IMRT treatment planning is a solution to reducing the time needed to generate a
treatment plan of high dosimetric quality. Our previous group 2 developed an
approach to knowledge-based IMRT treatment planning for prostate cancer, the model
of which is used in this study.

The results previously reported by our group show that the treatment plans
generated via the knowledge-based approach were of comparable or better dosimetric
quality than the previous clinically acceptable plans. With 20 cases planned, however,

this result has minimal statistical application. In addition, the methodology previously
6



offered by our group was primarily based on the user’s discretion which led to each case
being altered differently. In this study, 101 cases were planned, which significantly
increases the statistical relevance of the data generated and the planner’s involvement in

the treatment planning process is considerably reduced.



2. Methods and Materials

2.1 Human Subject Data

For this study, a database of 150 prostate cancer patients who were treated using
Intensity Modulated Radiotherapy (IMRT) was collected from the Duke University
Radiation Oncology Department and anonymised. A Computational Environment for
Radiotherapy Research (CERR) is used to convert the DICOM files extracted from the
Eclipse treatment planning station into MATLAB (MathWorks, Natick, MA) files.

From the database, a query case is selected and acts as a new patient that needs a
treatment plan. One hundred and one (101) cases were used as query cases and each
case was compared to the other 149 cases in the database which are referred to as the
match cases. The cases used in this study were all treated using seven beams (see Figure
6 below), the PTV did not includes nodes, the patient has no prosthetics and the match
cases all had PTV dose-volume objectives.

The seven (7) beams used to deliver the IMRT radiation treatment plan are
usually located at angles 25°, 75°, 130°, 180°, 230°, 280° and 335°. Using CERR, the 2D
projections of each structure for each patient obtained at these seven standard angles are
known as the beam’s eye views (BEV). Masks, image with all the five structures, are
created such that the isocenter, PTV, rectum, bladder, left and right femoral heads have
pixel values of 32, 16, 8, 4, 2 and 1. An example of the masks at the seven angles are

shown in Figure 6 below.



Figure 6: Figure showing masks at the seven standard angles

2.2 Determining the matches

The key to determining the similarity between the cases is the anatomy of the
patients at the seven angles. The anatomy, displayed on the CT scans of the patient, can
seem higher or lower in the BEVs projections depending on the cut points of the CT scan

area. The CT scan area varied from patient to patient as shown in Figure 7 below.



Figure 7: BEV image of PTV with a scan starting low in the body (left) and the
other with the scan starting high in the body (right)

As a result, the masks were all centered such that the isocenter, indicated by the
red dot in Figure 7, is located at the center of the 2D images; the shifts were made to the
PTV and the OARs based on the position of the isocenter from the center of the image.

(See Figure 8 below)

Figure 8: Mask showing that the PTV and OARS have been centered based on
the isocenter location
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All the masks for each of the 101 cases were modified as shown in Figure 8 above
before applying the case-similarity algorithm. In order to determine the similarity
between the BEVs obtained, mutual information (MI) is used. Mutual Information (MI)
is a metric used in the knowledge-based methodology which measures the mutual

dependence of two variables and is calculated as shown in Equation 1.

Pip(ig, i
MIGHE) = D Pus o (pae))
where ia is the intensity level in image A
ib is the intensity level in image B
Pas is the joint probability distribution function of image A and B

Pa is the marginal probability distribution function of image A

Ps is the marginal probability distribution function of image B

Each query case will have 150 MI values which represents how well each case in the
database matches that query case. To quantify similarity between the query and match
cases, mutual information (MI) values of the query vs. match masks are averaged over

all the standard angles as shown in equation 2.

_ MI1+ MI2 MI3 + MI4 + MI5 + MI6 + MI7
B 7

MI

where MI is the average of the MI values at the seven angles
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The best matched case, indicated by the 274 highest MI value for that query case,
is selected in order to create a new plan for the query patient. The treatment angles of
the best match case, determined by the highest MI value, are the angles used to create

the BEV projections of the query and match PTV.

2.3 Deformation and Planning

Using the knowledge-based approach, a treatment plan is created by adapting
the fluence of a previously irradiated patient to the new patient’s anatomy. The
deformation of the match’s fluence is done using a toolbox for rigid and non-rigid
registration known as Elastix (obtained under BSD, GNU and Open Source licenses) 2% 2.
Elastix has been used as a deformable registration toolbox for treatment sites such as the
cervix® and other imaging modalities such as MRI?**?”. An important tool for using
Elastix is the parameter file (see Appendix A). The parameter file is the key that tells
Elastix the type of deformation, registration techniques among other parameters to
successfully deform the images. Figure 9 below shows an example of the deformation of

the fluence.

Figure 9: Figure of non-deformed fluence (left) and deformed fluence (right)

12



Before deforming the fluences, however, the PTV of the query and match cases
are scaled and cropped to the dimensions of the match fluence. A deformation map,
created when deforming the match PTV to the query PTV, is applied to the match’s
fluence for each of the seven angles. The dimension similarity is necessary for Elastix to

deform the fluences appropriately. Figure 6 shows the BEV images before and after the

cropping and scaling process. Figure 9 shows the dimensions of the match fluence.

Figure 10: Query PTV before cropping and scaling (top and bottom left) and
the match PTV after cropping (top and bottom right)

The deformed fluences (see figure 9) for each of the seven angles are then

imported into the Eclipse treatment planning system (version A10, Varian Medical

13



Systems, Palo Alto, CA). The deformation process is essential to the knowledge-based
planning methodology as the goal is to get the match fluence to have the shape of the
query PTV. In Figure 11, the non-deformed match fluence super-imposed on the query

PTV has the shape of the match PTV.

Figure 11: Image of the non-deformed match fluence super-imposed on query
PTV

In figure 12, the deformed match fluence superimposed on the query PTV has

the shape of the query PTV.

14



Figure 12: Image of the deformed match fluence superimposed on the query
PTV

The deformed fluences for each of the seven angles are then imported into the
Eclipse treatment planning system. While planning, the prescription dose for the query
case will be the same as the match case. The prescription dose is the amount of radiation
prescribed by the radiation oncologist which is determined by criteria such as the
treatment site. The plan normalization mode for the query case will also be the same as
the match case. These tricks are used as the fluences being imported into the eclipse

treatment planning station for the query patient have dose patterns based on the

15



prescription dose and the plan normalization mode of the match case. By keeping these
terms the same, more accurate results from the planning process would be obtained.
After the 3D dose has been calculated to create the pre-optimized plan, the
prescribed dose and the plan normalization are switched such that 100% of the
prescribed dose covers 95% of the PTV for the purposes of comparison. The dose
patterns of the deformed match fluence were designed for the anatomy of the match
case such that the dose to the OARs is minimized while the PTV dose is maximized. To
make the dose patterns achieve these goals in the query case, the fluence needs to be
further optimized. For the optimization of the query plan, the constraints were directly
imported from the match case and 50-100 iterations (without manual intervention) of the
Eclipse optimization engine were performed. After optimization, the dose is calculated

again to produce the post-optimized plan.

2.4 Plan Quality Evaluation

After the planning process, the dose volume histograms (DVH) are generated for
the original, pre-optimized and post-optimized query plans and exported from Eclipse.
The DVH graphically summarizes the simulated radiation distribution within the PTV,
bladder and rectum of a patient which would result from the proposed radiation
treatment plan. However, due of the loss of spatial information in these volumes, DVHs

are not the sole criteria for plan quality evaluation.
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The homogeneity index (HI)? is one other way to quantify how homogenous the

dose is across the PTV. Equation 3 below demonstrates how the HI is calculated.

D,— D
HI = —2—"28,100
Dp

where D, is the dose that the highest 2% of the volume receives
Dgg is the dose that the highest 98% of the volume receives

D, is the prescription dose

Another metric used to express the homogeneity of the dose distribution in the PTV is
the sigma index (S-Index). The S-Index is defined as the standard deviation of the
normalized differential dose volume histogram curve (DVH)? and is calculated as

shown in equation 4 below.

17.
S —Index = \/E(Di — Dipean)? * VL
where D; is the dose that is delivered to volume, v;

V is the total volume of the target
— Vi
Dinean = Zi D; * v
A small value for the HI and S-Index indicate that the dose to the organ, specifically the
PTV, receives as homogenous dose.

The goal of any radiation treatment is to not only deliver the prescribed dose

homogeneously across the PTV but also minimize the dose delivered to the OARs. At

17



the Duke University Radiation Oncology Department, the IMRT prostate constraints
used are shown in Table 1 below. To quantitatively determine the success of reducing
the dose to the OARs, the volumes receiving over 40Gy and 65Gy are incorporated in
the analysis.

Table 1: Table showing the volume and dose constraints for the bladder,

rectum and PTV
Dose (Gy or %) Volume (Absolute or %)

Bladder 75Gy <10cc
Bladder 65Gy 25%
Bladder 40Gy 40%
Rectum 75Gy <10cc
Rectum 65Gy 17%
Rectum 40 40%

PTV 102% of PD 0%

PTV 98% of PD 100%

The prescribed doses for prostate cancer cases range from 60Gy to 77Gy. In most
courses of radiation, there is a primary and a boost plan which, when summed, gives the
prescribed dose. In this study, only primary plans are being re-planned using the
knowledge-based treatment planning methodology resulting in only a portion of the

prescribed dose being delivered. This could result in misleading results since the

18



primary plan of one case could have a lower prescription dose due to an existing boost
plan and thus may never deliver the dose constraints to the volumes of the OAR. By
taking the ratio described in equation 6, all the plans will use a scaled dose constraint

which is dependent on the prescribed dose.

Prescribed Dose (cGy)
Doseconstraint = 7600 cGy * (4000cGy or 6500cGy)

Despite all efforts to eliminate the dose from the OARs, they do receive dose in
order to effectively target the PTV. The dose the OAR receives is proportional to the
probability of consequent complications. The Normal Tissue Complication Probability
(NTCP), shown in equation 8, measures that likelihood of complications in the organ of

interest given a specific delivered dose.

D
e_<(x_2T£250)2) dx

where o=mTDso
m is the slope of the complication probability vs. dose curve
TDso is the tolerance dose for 50% probability of injury
D is the uniform dose
One of the assumptions of the NTCP measure is that a uniform dose is being

delivered to organ. However, the dose to the OARs is not uniform. Therefore, in order to

19



use the NTCP measure for the OARs, an equivalent uniform dose (EUD) is calculated as

shown in equation 9.

1 n
AN

EUD = | ————
xiVi

where Viis the volume at dose Di
n is the volume dependence of the complication probability 2

The NTCP equation then becomes

EUD )

1 _((X-TDso) )

NTCP = f e 202 dx
oV2m A

The terms, listed in Equations 8 and 9, needed to generate the NTCP values for the
bladder and rectum are shown in Table 2 below.

Table 2: Table of showing the variables needed to calculate NTCP for the
bladder and rectum

Organs M n TDso
Bladder 0.11 0.5 80Gy
Rectum 0.15 0.12 80Gy

The Wilcoxon signed rank test was used to determine the success of reducing the
dose to the OARs. It is non-parametric test computed by summing the ranked

differences of the deviation of each variable from a median above the hypothesized

20



value®. The DVH cut points, HI-Index, S-Index and NTCP are the metrics used to
measure the dosimetric quality of the treatment plans. The Wilcoxon signed rank test is
then used to determine if the plans generated by the knowledge-based approach are
significantly better or worse than the original plans by comparing the medians of the
two distributions (original plans and the knowledge-based generated plans) when using
the DVH cut points and NTCP metrics.

The changes made in the methodology of the knowledge-based approach
employed by our previous group? were done to effectively determine the best match
case for each query case and to reduce the dependence of the planner’s subjectivity on

the treatment planning process.
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3. Planning Target Volume (PTV) Evaluation

Separate evaluations of the PTV and OARs are used in order to investigate the
dosimetric quality of the treatment plans. To assess the plan quality of the prior
clinically approved treatment plans and the knowledge-based generated treatment

plans, the differential and cumulative DVHs are used.

3.1 Dose Volume Histograms (DVH)

DVHs graphically summarize the simulated radiation distribution within the
PTV, bladder and rectum of a patient which would result from the proposed radiation
treatment plan®. The DVH curves are graphed such that the y-axis represents the
percent volume and the x-axis represents the percent dose. The area under the PTV
curve should be maximized such that 100% of the prescribed dose is delivered to 100%
of the target volume. A portion of the target volume that receives a dose greater than
100% of the prescribed dose is considered to be a hotspot and a volume that receives a
dose less than 100% of the prescribed dose is considered to be a cold spot. The area
under the OARs should be minimized to indicate that the dose to the bladder and
rectum is minimal.

Below are nine examples of DVHs (Figures 13 - 21) which are representative of
the PTV trends observed from the 101 planned cases. Note that the original plan is the

plan generated by manually adjusting the plan optimization objectives; the pre-

22



optimized plans were generated with the deformed fluences only and the post-

optimized plans were generated as a result of the optimization of the deformed fluences.

DVH
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Figure 13: PTV DVH for query case 12 and match case 3 showing that the Post-
optimized plan is comparable to the Original plan (Trend 1)
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Figure 14: PTV DVH for query case 48 and match case 44 showing that the
Post-optimized plan is comparable to the Original plan (Trend 1)
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Figure 15: PTV DVH for query case 130 and match case 99 showing that the
Post-optimized plan is comparable to the Original plan (Trend 1)
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Figure 16: PTV DVH of query case 66 and match case 45 showing that the post-
optimized plan delivers a higher dose to the PTV than the original plan (Trend 2)
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Figure 17: PTV DVH of query case 7 and match case 18 showing that the Post-
optimized plan delivers a higher dose to the PTV than the Original plan (Trend 2)
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Figure 18: PTV DVH of query case 100 and match case 43 showing that the
post-optimized plan delivers a higher dose to the PTV than the original plan (Trend 2)
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Figure 19: PTV DHV of query case 37 and match case 183 showing that the
Post-optimized plan delivers a more optimal dose than the Original plan (Trend 3)
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Figure 20: PTV DHYV of query case 92 and match case 115 showing that the
Post-optimized plan delivers a more optimal dose than the Original plan. (Trend 3)
Note that the Pre-optimized plan delivers the most optimal dose to the PTV.
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Figure 21: PTV DHV of query case 182 and match case 44 showing that the
Post-optimized plan delivers a more optimal dose than the Original plan (Trend 3)

Figures 13 -21 show the three (3) dosimetric trends (trends 1, 2 and 3
respectively) of the PTV observed for the 101 planned cases: the original plan PTVs are
comparable to the post-optimized PTVs (Figures 13-15), the post-optimized plan
delivers a dose higher than the prescription dose to the PTV than the original plan
(Figures 16-18) and the post-optimized plans deliver a more therapeutic dose to the PTV
than the original plans (figures19-21). Trend 1 was observed for 66.3% the 101 planned
cases; Trend 2 was observed for 28.7% of the planned cases and trend 3 was observed for
4.95% of the cases. For the pre-optimized plans, 85.1% of the cases delivered a dose
higher than the prescription dose to the PTV than the original plan, 13.8% delivered a
dose comparable to the original plan (Figure 14) and 1 case delivered a more

therapeutic dose than the original plan (Figure 20).
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One of the main goals of a treatment plan is to deliver the prescribed dose to the
target tumor. A dose that is <95% of the prescribed dose is considered suboptimal.
However, a dose that is >110% of the prescribed dose could result in undesired radiation
toxicity. The trends shown in Figures 13, 15 - 19 indicate that the pre-optimized plans do
not produce an optimal dose to the PTV as the dose is either suboptimal or may result in
undesired radiation toxicity.

The post-optimized plans are comparable to the original plans, deliver doses to
the PTV that are higher than the original plans or deliver a more optimal dose to the
PTV than the original plans. Trend 1 was observed for 66.3% of the planned cases which
indicates that 67 out of 101 times, the pre-optimized plans are equivalent in delivering a
therapeutic dose to the PTV as the originally planned course of treatment. In other
words, the knowledge-based approach to treatment planning is as effective as the

original plans in delivering the prescribed dose to the PTV.

3.2 Planning Target Volume (PTV) Homogeneity

The PTV is the target of the course of radiation being delivered to the patient. A
homogenous dose is desirable in the PTV since lower doses are suboptimal and high
doses could result in radiation toxicity e.g. necrosis. The homogenous dose delivered to
the patient should ideally be the dose prescribed by the radiation oncologist. To

quantitatively determine the homogeneity of the dose being delivered to the PTV, the
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average HI-Index and S-Index of the 101 cases, as indicated by Equations 3 and 4, are
summarized in Table 3 below.

Table 3: Average S-Index and HI-Index values for the pre-optimized, post-
optimized and originally planned cases

Pre-Optimized Plan Post-Optimized Plan Original Plan
S-Index 4.65+2.29 211+0.87 1.52 + 0.48
HI-Index 20.1£9.87 8.97 +4.07 6.52 +2.12
Mean % Dose 108.9% 103.6% 102.6%

Table 3 shows that the homogeneity of the dose being delivered to the PTV is
greatest in the original plans as indicated by both the S-Index and HI-Index. On
average, the dose to the PTV for the original planned cases were 27% more homogenous
than the post-optimized cases and 67% more homogeneous than the pre-optimized cases
(trend 4) according to the S-Index and HI-Index. The trend observed is expected as the
cases being compared are all from Duke University’s Radiation Oncology department.
Since the test cases and the knowledge base are drawn from the same pool of plans, on
average, it is not possible for the new plans to improve upon the original plans. In other
words, the cases generated from the knowledge-based model will necessarily be of equal
or lesser dosimetric quality than the originally planned cases.

To graphically understand trend 4 indicated by Table 3, the cumulative and

differential DVH are used. The HI-Index is a basic measure of the deviation of the PTV
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slope in the cumulative DVH from the vertical line at prescription dose (100% dose line).
From Figures 16 - 18, the pre-optimized PTV curve deviates more from the vertical line
than the post-optimized PTV curve and the originally planned case deviates the least
indicating that the originally planned cases delivers the most homogenous dose to the
PTV and the pre-optimized delivers the least homogenous dose to the PTV. This is

observed for greater than 99% of the cases planned.
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Figure 22: Differential DVH of the PTV for query case 100 and match case 43
showing that the deviation from the mean is greatest for the Pre-optimized plans and
smallest for the Original plan. This figure also shows that the mean %dose to the PTV

is greatest in the pre-optimized plans and the least in the original plans

The S-Index is the deviation from the mean dose of the differential DVH. With an

increase in the deviation from the mean dose, there is a corresponding decrease in the
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homogeneity of the dose being delivered to the PTV. Figure 22 shows that the largest
deviation occurs with the pre-optimized plans whereas the least deviation occurs in the
originally planned cases.

The mean % dose in Table 3, calculated as shown in Equation 4, show that the
mean dose to the PTV is approximately 109% of the prescribed dose for the pre-
optimized plans, 104% for the pre-optimized plans and 103% for the original plans. An
example of this is shown in Figure 22. The dose to the target volume should ideally be
100% of the prescribed dose which is best achieved by the original plans. However, an
average dose that is equivalent to the prescribed dose is not the only factor that
determines the efficacy of the treatment plan. The homogeneity of the dose across the

PTV is equally as important in delivering an effective course of radiation.

31



4. Organs-at-risk (OAR) Evaluation

Dose to the OARs should be limited in order to decrease the probability of
complications in those organs. For IMRT of prostate cancer, these dose limiting organs
are represented by the bladder and the rectum. The dose constraints, Wilcoxon signed
rank test and the normal tissue complication probability (NTCP) values are used to
compare the dosimetric quality of the bladder and rectum of the previously planned

cases and the treatment plans generated by the knowledge-based approach.

4.1 Dose Volume Histograms

The knowledge-based pre-optimized plans delivered the highest doses to the
OARs in comparison to the knowledge-based post-optimized plans and the original
plans. As aresult, this paper will only compare the dose delivered to the OARS by the
knowledge-based post optimized plans and the original plans.

Figures 23 — 29 are representative of the three OAR trends observed in the 101
planned cases. Note that the original plan is the plan generated by manually adjusting
the plan optimization objectives and the post-optimized plans were generated as a result

of the optimization of the deformed fluences.
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Figure 23: OAR DVH of query case 23 and match case 182 showing that the
Post-optimized plan is comparable to the Original plan (Trend 1)
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Figure 24: OAR DVH of query case 38 and match case 214 showing that the
Post-optimized plan is comparable to the Original plan (Trend 1)
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Figure 25: OAR DVH of query case 35 and match case 161 showing that the post-
optimized plan delivers a higher dose to the OARs than the original plan (Trend 2)

OH

Rec-Orig
— — —Rec-Post
Bla-Orig

Bla-Post

% Yolume

Figure 26: OAR DVH of query case 53 and match case 173 showing that the post-
optimized plan delivers a higher dose to the OARs than the original plan (Trend 2)
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Figure 27: OAR DVH of query case 9 and match case 199 showing that the post-
optimized plan delivers a lower dose to the OARs than the original plan (Trend 3)
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Figure 28: OAR DVH of query case 180 and match case 207 showing that the post-
optimized plan delivers a lower dose to the OARs than the original plan (Trend 3)
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The three trends observed are described as follows; Trend 1 describes the dose
delivered to the specific organ at risk by the post-optimized plan as being comparable to
the original plan (Figures 23 & 24); Trend 2 describes the dose delivered by the post-
optimized plan is greater than the original plan (Figure 25 &26) and Trend 3 describes
the dose delivered to the OAR by the post-optimized plan is less than what is delivered
by the original plan (Figures 27 &28). Trends 1, 2 and 3 are observed in 42%, 15% and
43% of the cases for the bladder and 37%, 21% and 43% for the rectum respectively. This
shows that for 85% and 77%of the cases, the dose delivered to the bladder and rectum
respectively is either comparable or lower with the post-optimized plans than the

original plans.

4.2 Dose Constraints

The scaled dose constraints for the 40Gy and 65Gy cut points (see Equation 6) are
displayed in Figures 29 -32 for the bladder and the rectum for the post-optimized and
original plans. The trendlines used Figures 29 — 32 are generated such that the intercept

passes through zero (0).
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Figure 29: Graph showing the % volume for the post-optimized plan versus
the original plan for the bladder at the scaled 40Gy constraint
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Figure 30: Graph showing the % volume for the post-optimized plan versus
the original plan for the bladder at the scaled 65Gy constraint
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Figure 31: Graph showing the % volume for the post-optimized plan versus
the original plan for the rectum at the scaled 40Gy constraint
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Figure 32: Graph showing the % volume for the post-optimized plan versus
the original plan for the rectum at the scaled 65Gy constraint
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Figures 29 — 32 show that the slope of the graphs are consistently just below 1
(range from 0.87 to 0.93), which indicates that the post-optimized plans delivers the
specified dose to a smaller volume than the original plans. In other words, the new
knowledge-based plans produce DVH curves that, on average, are comparable to the
original plans’.

Another means of determining the dosimetric quality of the treatment plans is to
explore the difference in the % volume for the scaled 40Gy and 65Gy dose constraints
between the post-optimized and original plans. (See Table 4 below)

Table 4: Average difference in % Volume and the Wilcoxon signed rank test p
values for the post-optimized plans and the original plans

Organs 40Gy Cut Point 65Gy Cut Point
Average % P value Average % P value
Volume Volume
Bladder -3.6+13.3 <0.001 -1.5+6.6 0.018
Rectum -3.7+11.9 0.0013 -0.8+4.3 0.025

From Table 4 above, the negative values indicate that the average % volume
receiving a specified dose is lower for the post-optimized plan than the original plan.
This trend is observed for both dose constraints and both OAR structures. However, the
standard deviations are so large that the small differences are not clinically significant.

This indicates that the post-optimized plans are comparable to the original plans
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signifying that the knowledge-based approach delivers a dose to the bladder and rectum
equal to the traditional approach to IMRT treatment planning.

The Wilcoxon signed rank test compares the median of one distribution to
another and determines the similarity between the two sets of data. The results of
comparing the post-optimized plan distributions for the bladder and rectum with the
original plans are tabulated as shown in Table 4. For both cutpoints of both structures
(rectum and bladder), all of the differences were statistically significant (p<0.05)
suggesting that the knowledge-based approach provides better dose savings to the
OARs. As previously indicated, the actual differences are very small and not likely to be
clinically significant. The statistically significant differences are likely due to the high

degree of correlation between the DVH curves.

4.3 Normal Tissue Complication Probability (NTCP)

Though the aim of a course of radiation is to minimize the dose to the OARs,
some dose is delivered which may cause complications in the bladder and rectum. The
NTCP value gives the probability of complications due to a uniform dose delivered to

the OARs. The NTCP values for the rectum and bladder are shown in Table 5.

40



Table 5: Average NTCP and the Wilcoxon signed rank test p values for the
post-optimized and original treatment plans

Organs Post-Optimized Original P values
Bladder (0.63+ 2.9)*10+ (3.08+21.0) * 10+ <0.001
Rectum 0.015+0.015 0.014 £ 0.014 0.47

The post-optimized plans are 82.8% less likely to cause complications in the
bladder than the original plans. For the rectum, the probability of complication in the
original plans and the post-optimized plans are nearly identical. This is also indicated by
the p-value (p>0.05) where the medians for the two distributions are not statistically
different from each. For the bladder, however, the NTCP values are statistically
significant as indicated by the p-value <0.001. This shows that median of the two
distributions (original bladder and post-optimized bladder) are significantly different
from each other. However, because the probability of complications in the bladder is so
small (~0), the significant difference between the two distributions is clinically
insignificant. From a clinical point of view, the probability of complications with either
treatment planning method is negligible. Overall, the probability of complications in the
bladder and rectum due to the dose delivered by the post-optimized plans and the

original plans are comparable.
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5. Summary, Conclusions and Future Work

5.1 Summary of Findings

The aim of a course of radiation treatment is to maximize the dose and coverage
to the target volume (PTV) and minimize the dose to surrounding organs-at-risk
(bladder and rectum). Manual IMRT treatment planning is a time consuming technique
used to achieve this goal. The knowledge-based approach to IMRT treatment planning
is the solution offered to reduce the treatment planning time and generate high quality
treatment plans by minimizing the dose to the OARs and maximizing the therapeutic
dose to the PTV.

The knowledge-based methodology begins with the development of a database
of prior clinically approved IMRT treatment plans obtained from the Duke Clinic. A
case-similarity algorithm incorporating mutual information (MI) is used to compare the
anatomy of the cases within in the database. To validate the performance of the
proposed system, a query case is selected from the database and acts as a new patient
that needs a treatment plan. Using the Eclipse treatment planning system, the match
case with the highest MI value among the remaining cases is used to generate a
treatment plan for the query case. The dosimetric quality of the treatment plans
produced by the knowledge-based approach is compared to the plans created manually.
The PTV and OARs were evaluated separately in Chapters 3 and 4, respectively. The

tigure of merit used included dose volume histograms, homogeneity indices, dose-
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volume criteria and normal tissue complication probabilities (NTCP) from the treatment
plans.

In spite of the matching and subsequent registration procedure, the pre-
optimized plans do not deliver sufficient dose to satisfy target homogeneity or
sufficiently avoid normal organs. After automated optimization with the clinical
treatment planning system, however, the post-optimized plans deliver a dose to the PTV
that is comparable to the original plans, deliver a more therapeutic dose to the PTV than
the original plans or deliver a more suboptimal dose to the PTV than the original plans.
On average, the dose to the PTV for the original planned cases were 27% more
homogenous than the knowledge-based post-optimized cases and 67% more
homogeneous than the knowledge-based pre-optimized cases according to the S-Index
and HI-Index.

For the bladder and rectum, the average % volume that receives the scaled 40Gy
and the scaled 65Gy dose in the post-optimized plans is statistically significantly less
than the original plans, but these differences were very small and not likely to be
clinically significant. From Table 5, the NTCP values indicate that the post-optimized
plans are 82.8% less probable to cause complications in the bladder than the original
plans. For the rectum, the post-optimized plans and the original plans are comparable.
Overall, these encouraging results suggest that post-optimized plans and the original

plans are comparable.
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5.2 Future Work

The knowledge-based methodology has demonstrated the ability to produce
treatment plans of comparable dosimetric quality in less time than traditional IMRT
treatment planning. However, there are extensions to this work that could increase the
efficacy of the treatment plans generated.

Mutual Information (MI) is the key to the case-similarity algorithm employed by
the knowledge-based methodology. Currently, mutual information is used to compare
masks that consist of the PTV, bladder, rectum, right and left femoral heads. In some
cases, the contours of the femoral heads include the shaft as well as the femoral head. In
these cases, the MI value may artificially decrease when comparing cases with the
femoral shafts and cases with only the femoral heads. These inconsistencies in femoral
head contouring may negatively impact the similarity matching process. A solution to
this issue would be comparing masks that consist of only the most important structures,
namely the bladder, rectum and PTV.

Once a match has been established by the case-similarity algorithm, the fluences
are deformed in order to adapt the match case’s treatment plan to the query case’s
anatomy. The 2D deformations of the fluences are done at each of the treatment angles.
Deforming the 3D fluence map instead of the 2D projections of the fluence map, may
potentially improve the dosimetric quality of the knowledge-based generated treatment

plans.
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To demonstrate the feasibility for this new treatment planning approach, this
study focused on IMRT of prostate cancer due to the high prevalence as well as the
relatively simple anatomical constraints. The knowledge-based approach to IMRT
treatment planning has the potential to be extended to other treatment sites that are

more difficult and time-consuming to plan such as head & neck cases.

5.3 Conclusions

The manual IMRT treatment planning process is solely dependent on the
expertise of the planner and requires a substantial amount of time to produce a
treatment plan of clinical quality. The knowledge-based treatment plans are created by
adapting the anatomy of a previously planned patient to that of a new patient and
requires no manual intervention. The post-optimized treatment plans produced by the
knowledge-based approach have demonstrated dosimetric quality equivalent to the
treatment plans created by the human planner and in a fraction of the time.

This work has the potential to automatically provide high quality treatment
plans while dramatically reducing treatment planning time. The main contribution of
this study was to demonstrate feasibility for the new approach using 101 cases from this
institution. Given the large size of this data set, the results are likely to be robust in

representing treatment planning efficacy over a diverse range of patient anatomy.
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Appendix A

Parameter File for B-spline Registration

/] C-style comments: //

// The internal pixel type, used for internal computations

// Leave to float in general.

// NB: this is not the type of the input images! The pixel

/[ type of the input images is automatically read from the

// images themselves.

// This setting can be changed to "short" to save some memory
// in case of very large 3D images.
(FixedInternallmagePixel Type "float")
(MovingInternallmagePixelType "float")

// The dimensions of the fixed and moving image

// NB: This has to be specified by the user. The dimension of
// the images is currently NOT read from the images.

/] Also note that some other settings may have to specified

// for each dimension separately.

(FixedImageDimension 2)

(MovingImageDimension 2)

// Specify whether you want to take into account the so-called
// direction cosines of the images. Recommended: true.

// In some cases, the direction cosines of the image are corrupt,
// due to image format conversions for example. In that case, you
// may want to set this option to "false".

(UseDirectionCosines "true")

// 63 3 26 6 A o A 434 Mall’l Components A3 3 3 e 2 6 e o e e A N KK

// The following components should usually be left as they are:
(Registration "MultiResolutionRegistration")

(Interpolator "BSplinelnterpolatorFloat")

(Resamplelnterpolator "FinalBSplinelnterpolatorFloat")

(Resampler "DefaultResampler")

// These may be changed to Fixed/MovingSmoothingImagePyramid.
// See the manual.

(FixedImagePyramid "FixedRecursivelmagePyramid")
(MovingImagePyramid "MovingRecursivelmagePyramid")

// The following components are most important:

/] The optimizer AdaptiveStochasticGradientDescent (ASGD) works
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/[ quite ok in general. The Transform and Metric are important

// and need to be chosen careful for each application. See manual.
(Optimizer "AdaptiveStochasticGradientDescent")

(Transform "BSplineTransform")

(Metric "AdvancedMattesMutuallnformation")

// A3 e 2 6 o K N K TranSfOI'matIOIl O34 3 3 3 2 624 e 3 3 26 A 3 e S

// The control point spacing of the bspline transformation in

// the finest resolution level. Can be specified for each

/[ dimension differently. Unit: mm.

// The lower this value, the more flexible the deformation.

// Low values may improve the accuracy, but may also cause

/[ unrealistic deformations. This is a very important setting!

// We recommend tuning it for every specific application. It is

// difficult to come up with a good 'default' value.
(FinalGridSpacingInPhysicalUnits 9)

/| Alternatively, the grid spacing can be specified in voxel units.
// To do that, uncomment the following line and comment/remove
// the FinalGridSpacingInPhysicalUnits definition.
//(FinalGridSpacingInVoxels 16)

// By default the grid spacing is halved after every resolution,

// such that the final grid spacing is obtained in the last

// resolution level. You can also specify your own schedule,

// if you uncomment the following line:

//(GridSpacingSchedule 4.0 4.0 2.0 1.0)

// This setting can also be supplied per dimension.

// Whether transforms are combined by composition or by addition.
// In generally, Compose is the best option in most cases.

// It does not influence the results very much.
(HowToCombineTransforms "Compose")

// A e e 6 A K NN AN Slmllarlty measure Ao e 2 A A A NN

// Number of grey level bins in each resolution level,

/[ for the mutual information. 16 or 32 usually works fine.

// You could also employ a hierarchical strategy:
//(NumberOfHistogramBins 16 32 64)
(NumberOfHistogramBins 32)

// If you use a mask, this option is important.

// If the mask serves as region of interest, set it to false.

// If the mask indicates which pixels are valid, then set it to true.
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// If you do not use a mask, the option doesn't matter.
(ErodeMask "false")

// O 2 e e 4 o A o K K A A Multll‘esolutlon A 2 262 6 424 o o o e e 2 4 o o 2324

// The number of resolutions. 1 Is only enough if the expected
/| deformations are small. 3 or 4 mostly works fine. For large
// images and large deformations, 5 or 6 may even be useful.
(NumberOfResolutions 4)

/I The downsampling/blurring factors for the image pyramids.
// By default, the images are downsampled by a factor of 2

// compared to the next resolution.

// So, in 2D, with 4 resolutions, the following schedule is used:
//(ImagePyramidSchedule 88 44 22 11)

// And in 3D:

//(ImagePyramidSchedule 888 444 222 111)

/] You can specify any schedule, for example:
//(ImagePyramidSchedule 44 43 21 11)

// Make sure that the number of elements equals the number
// of resolutions times the image dimension.

A e e A A K NN A 1 1 O 3 3 2 626 e e o e A A A A A%
/! Optimizer

// Maximum number of iterations in each resolution level:

// 200-2000 works usually fine for nonrigid registration.

// The more, the better, but the longer computation time.

// This is an important parameter!

(MaximumNumberOflterations 500)

// The step size of the optimizer, in mm. By default the voxel size is used.
// which usually works well. In case of unusual high-resolution images
// (eg histology) it is necessary to increase this value a bit, to the size

/[ of the "smallest visible structure" in the image:
//(MaximumStepLength 1.0)

// O3 3 26 6 A o A 3% Image Sampllng O 3 3 e 626 e e o e e A AN

// Number of spatial samples used to compute the mutual

// information (and its derivative) in each iteration.

/] With an AdaptiveStochasticGradientDescent optimizer,

// in combination with the two options below, around 2000
// samples may already suffice.

(NumberOfSpatialSamples 2048)

/] Refresh these spatial samples in every iteration, and select
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// them randomly. See the manual for information on other sampling
// strategies.

(NewSamplesEverylteration "true")

(ImageSampler "Random")

// e N A A KK II'IteI'pOIathI'l and Resampllng 24 o o e e K

// Order of B-Spline interpolation used during registration/optimisation.
// It may improve accuracy if you set this to 3. Never use 0.

// An order of 1 gives linear interpolation. This is in most

/[ applications a good choice.

(BSplinelnterpolationOrder 1)

/] Order of B-Spline interpolation used for applying the final

/[ deformation.

// 3 gives good accuracy; recommended in most cases.

// 1 gives worse accuracy (linear interpolation)

/1 0 gives worst accuracy, but is appropriate for binary images

// (masks, segmentations); equivalent to nearest neighbor interpolation.
(FinalBSplineInterpolationOrder 3)

//Default pixel value for pixels that come from outside the picture:
(DefaultPixelValue 0)

// Choose whether to generate the deformed moving image.

// You can save some time by setting this to false, if you are

/[ not interested in the final deformed moving image, but only

// want to analyze the deformation field for example.
(WriteResultImage "true")

// The pixel type and format of the resulting deformed moving image
(ResultImagePixelType "short")

(ResultImageFormat "mhd")
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