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Abstract

Intensity modulated radiation therapy (IMRT) is commonly used to treat head
and neck cancer but relies on the experience and skill of the treatment planner. Previous
knowledge based radiation therapy (KBRT) used a database of 105 patient cases from
Duke University Medical Center to derive the constraints and other treatment
parameters to be used as a starting point for the clinical treatment planning process.
Because this approach relied heavily on the quality of the existing plans, this study
investigated whether re-optimizing the database would improve KBRT plan quality.

Each of the 105 patient cases was re-optimized to further lower the dose to
organs at risk while keeping the planning target volume (PTV) homogeneity. Out of 105
patients, 39 had noticeable improvements and 66 had minimal or no difference. The 39
cases that were picked showed roughly 8% to 10% decrease in at least one of the OARs.
Forty query cases were chosen such that half of them matched against re-optimized
cases with improvements, while the other half matched against those without
improvements. Results from these forty cases were compared against two previous
versions of KBRT. The first method used a dose warping algorithm to compute
constraints and the second method used constraints from the matching patient with no
further refinement. For all techniques, the constraints were entered into the clinical

treatment planning system for final optimization.
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The results from the old database and re-optimized database that used the dose
warping algorithm produced dose volume histograms with little to no differences. The
results using constraints from matching patient showed improvements in ipsilateral
parotid, larynx, and cord significantly after re-optimization and 9 out of 10 organs at risk
showed lower mean doses. Comparing KBRT with dose warping and KBRT with re-
optimized database, the re-optimized database showed small improvements in

comparison to dose warping methods.
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1. Introduction

Most head and neck cancers (HNC) begin in squamous cells that line the moist
surface inside the head and neck (HN). According to National Cancer Institute, HNC
can begin in multiple sites and from different cells within a particular site [1]. This
type of cancer accounts for approximately 3 percent of all cancers in US. HNC occur
twice as often in men than in women. In 2015, an estimated 45,780 new cases of
cancer are expected [2]. Different treatment approaches include surgery and
radiation therapy along with chemotherapy for advanced diseases. In advanced
diseases combinations of treatment methods available are often used [3]. According
to the cancer fact sheet, 31% of cases are diagnosed at early local stages. For these
early detected diseases, the 5 year survival rate can be up to 83% [2].

Intensity Modulated Radiation Therapy (IMRT) is one of the preferred methods
of external beam therapy which defines specific organs at risk (OAR) and the target
volume to minimize dose to healthy tissue, while achieving adequate coverage of the
target [4-7]. Due to the intricate juxtaposition between the tumor and OARs, HNC is
often considered to be one of the most challenging disease sites for IMRT planning,
which motivated our current study to focus on this problem. Parotid salivary output
is a particularly concerning side effect for HNC and is related to the quality of life

after treatment [8-11]. Common negative side effects of IMRT include xerostoma,



dysphagia, and aspiration, which are all connected to the radiotoxicity to organs
within the treatment area [11, 12].
For HNC IMRT, up to 9 beams are used and the orientation can differ from

patient to patient [13].

Figure 1: Examples of different beam orientation. On the left is the standard 9
beam. On the right only 8 beams are used for a unilateral case.

Each angle will have its own beams eye view of the target volume and the organs
at risk around the target volume. With this information, a user can define constraints
such as the volume, dose, and a priority value for each organ. The optimization
process will lower the dose delivered to the OAR while increasing dose coverage of
the target volume. The target volume will include the gross tumor volume and add
margins that take into account possible microscopic spread of tumor cells,
uncertainty in the beam delivery, and movement of the patient. For this study, a total
of six organs at risk are examined: left parotid, right parotid, larynx, oral cavity,
brainstem, and spinal cord. At Duke University Medical Center, the delineation of
the cord includes a 5 mm margin. Therefore, this study will examine cord +5 mm

instead of just cord.



The standard recommended starting point limits of Duke University Medical

Center has the following constraints:

Table 1: Example of constraints provided by Duke University
Medical Center when optimizing head and neck cancer.

Constraints

OARs Dose (Gy) |Volume
R Parotid 20-22] Median
L Parotid 18] Median
Oral Cavity 20| Median
Larynx 20| Median
Cord + 5mm 45 Max
Brainstem 20-25 Max

When considering the parotids, it is more important to compare whether or not the
organ is close to or far from the target volume. Parotid that is closer to the planning
target volume (PTV) will be categorized as ipsilateral parotid and would likely
receive more dose than the contralateral parotid. Therefore, ipsilateral parotids hold

more clinical importance compared to the contralateral parotids.



Ipsilateral
Parotid

Contralateral
Parotid

Figure 2: An example of planning target volume and positions of contralateral
and ipsilateral parotid glands.

Once the optimization is achieved, the clinic can analyze the results by comparing
dose volume histograms.

The IMRT uses constraints as defined by the planner to create an optimal
treatment plan on a patient to patient basis. This leads to increased cost due to the
increased amount of time that physician and other staff need to spend [14]. Because
the treatment planning depends on the treatment planner, there is variability in
quality of beam produced to treat the patient between different clinics and planners
[15-17]. Due to the large dependence on skill and experience of the planner, there are
many efforts to automate or semi-automate the process of IMRT treatment planning

in different sites such as pancreas, prostate, and HNC [20-26].



In previous studies from our group, knowledge based radiation therapy (KBRT)
provided a partially optimized starting point for treatment planning by drawing up
on information in a database of previous patients. Each new patient or “query” case
was matched against a database, and treatment parameters from the best matching
case were adapted to create a new treatment plan. The goal of KBRT is to reduce the
time spent and to improve upon consistency and quality of treatment planning. Prior
KBRT work with prostate cancer deformed fluences and dose volume constraints
from the matching case to optimize the query case dose distribution [19, 31]. In a
previous HNC study for KBRT, the dose warping method attempted to find the best
match from the database and adjust the constraints according to the change in
geometry [23]. Dose warping is done by taking the dose distribution in the matching
case to conform to a new query case geometry. Although dose warping showed
promise for improving upon just using the unaltered constraints from the match
case, ultimately both of those approaches relied upon the existing database of
clinically treated plans. Even at our academic center with adequate experience and
time resources, however, some cases may still not be fully optimized. We
hypothesize that if the database had tighter constraints and better dose sparing
results, then that may translate into improved KBRT plan quality. This study will
present the results of a “re-optimized” database for KBRT by trying to improve upon

the already clinically approved treatment plans. Specifically, KBRT plans based



upon the re-optimized database will be compared against those from the original

database with and without dose warping.



2. Methods and Materials
2.1 Knowledge Based Radiation Therapy and Optimization

In previous studies, we generated a database of 105 patients from 2009 to 2012
that had already been treated for head and neck cancer [23]. Each case in the database
has a primary plan and one or two boost plans which are patient specific. Most cases
will have will have 9 beam angles for the patient which surround the patient’s neck
starting at 180 degrees and in increments of 40 degrees. Therefore, the most common 9
beam angles are 180, 140, 100, 60, 20, 340, 300, 260, and 220. In some cases, the treatment
planner may use only 8 or even 7 beams in order to avoid beams that would
unnecessarily traverse more healthy tissue than necessary. These plans are often
unilateral plans. As shown below, HNC cases can be categorized into bilateral, unilateral
right, and unilateral left. Simply, patients whose target volume is only on one side are
considered unilateral and otherwise would be considered bilateral. KBRT algorithms

handle cases within each category separately.

Figure 3: example PA beam’s eye view images of unilateral and bilateral cases.
From left to right, right unilateral, left unilateral and a bilateral case.



For HNC, 6 MV beams at maximum dose rate of 300 MU/s are used. For this
study the OARs that will be examined are left parotid, right parotid, larynx, oral cavity,
brainstem, and cord. As mentioned before, cord is often added extra margins, therefore,
cord +5 mm will be examined. The cases in the database were manually optimized by
the staff at Duke University Medical Center to meet the constraints set by the
oncologists. Depending on the patient, the constraints would be tightened or loosened.
In general, the limits set by physicians differ from the values shown in table 1. For
example, left and right parotids constraints were set at <25 Gy, larynx constraints were
set at <30 Gy, oral cavity constraints were set at < 35Gy, brainstem constraints were set
at <25 Gy, and cord +5 mm constraints were set at <45 Gy. The parotids, larynx, and
oral cavity were characterized by the median dose, while the brainstem and cord +5mm

were characterized by the maximum dose [27].

2.2 Matching Case Selection

For this study, to simulate the process of creating a de novo plan for a new clinical
case, a “query” case was selected from the database and then matched against the other
cases. Of the 105 cases present in the database, two cases were excluded due to abnormal
PTV. In order to find the matching case, the anatomical information is exported from the
clinical Eclipse treatment planning system (Varian Medical Systems, Palo Alto CA) as
DICOM file and then imported into the Computational Environment for Radiotherapy

Research (CERR) software package via MATLAB (Mathworks, Natick, MA) to obtain 3



dimensional images [28]. With the 3 dimensional images, a mask is created to create a
binary image of OAR and the PTV in 2D for each beam angle. A mask of all the OAR
and PTV can be made to show overlaps and is then used to compare the query versus
the other patients in the database. The query case will replicate the beam angle set up of
the matching case, so using only two different BEV to calculate the similarities is
sufficient.

To begin the matching process, squared error (SE) is first used. The query case is
set as target image and matching case as the moving image. Then the match image is
translated along the gradient descent of least squared error to align the two BEV images.

The choice to use SE was due to its faster computational time [29, 30].

. 2
_ moving target
SE = % (1779 — 1579°) (1)
Where I represents the intensity values for the binary images being compared.
Figure 4 shows the before and after images of the shift between images being compared.

The query case mask is compared to the database to find the top ten cases using the SE

results.



Figure 4: Example of image registration and shifting the BEV for the best fit.
Unregistered query BEV (green) target volume with matching case BEV (pink) with
white overlap.

Given the top ten matching cases from the SE calculation, the query case and the

top ten matching cases are compared again via mutual information (MI).

MI(A,B) = Y, PaB(ia ip) 108> (%) (2)
In the equation, A is the query case and B is the matching case. I represents the

intensity value assigned at a given pixel. Pa and P is the probability of ia and is
occurring in images A and B respectively. Pas is the probability that ia will be present in
the same pixel as is. After the query image and the matching images are aligned and
compared via SE and M], the best matching case is picked. Some cases matched with
cases that were not compatible for different reasons. Due to gross tumor size differences,
the dose warping gave errors for some cases, and would move on to the second best

match case and rarely to the third best match. From the matching case, beam angles,

dose volume constraints and priorities are found.

10



2.3 Database Re-optimization

To assess the impact of database quality on the KBRT algorithm, each case in the
database was re-optimized. Because the re-optimization was done by a trainee, care was
taken to ensure that the re-optimized dose volume histogram (DVH) should improve
without any OAR showing increased dose. When re-optimized plans resulted in an
increase in dose of one OAR while there was a decrease in another OAR, those plans
were rejected and the process was repeated from start with a looser constraint. It is
important to note that during the course of this study, an update in Eclipse calculation
and optimization software resulted in unexpected changes in the DVH for certain cases.
These differences were confirmed by rerunning the clinically approved plan without
any changes. For cases that showed these changes, re-optimization was based on the
updated version of the clinically approved DVH, as the original DVH could no longer be
reproduced. For certain cases showing greater than 5% change in the PTV maximum
dose (corresponding to unacceptable hot spots), another contour was made for the hot
spots to bring down the dose. The re-optimization was done in two possible ways.
Priorities were slowly increased to see if the DVH would change over time without
having negative effects. Similarly, dose volume constraints were slowly tightened also as
long as there were no negative effects to the PTV or other OARs. The study aimed to
keep the PTV as close as possible to the clinically approved plans. Therefore, any

optimization that resulted in noticeable inhomogeneity or a change of maximum PTV

11



dose greater than 5% was deemed unacceptable. In order to reduce the dose to OARs,
the volume, dose, and priority values were changed. These values affect the
optimization process, which uses an objective function that will consider the beam
fluence to determine which volume to avoid or irradiate by assessing the size of the
OAR volumes, dose, and priority of the OAR to be saved. These in turn affect the
movement of the multi-leaf collimators, which shape the beams at each angle. The
original patient beam information and the re-optimized patient beam information were

exported and were used to obtain new constraints.

2.4 Constraint Calculation and Beam Angles

In previous studies, we have used two different approaches for HNC treatment
using the KBRT database. A simple approach took the matching case and directly adopts
the constraints used in the matching case. Another approach used dose warping to
better correct for geometrical differences in these challenging head and neck cases [23].
Dose warping takes differences in geometrical shape to conform the match case dose
distribution to that of the query case. This is done by mapping the doses in concentric
shells of equal thickness in areas where either match case OAR or query case OAR

differs around the edges.
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Figure 5 Dotted line shows the concentric shells that are drawn in extended OAR
contours. Depending on the distance between lines, dose would be adjusted.

Figure 5 shows an example of equally spaced rings used in dose warping. If the
match OAR (left) or the query OAR (right) would extend outwards, concentric rings
around the OAR would scale the dose distribution accordingly. This will allow a steeper
dose fall off and allow a tighter constraint.

For all cases, the physician already provided a contoured CT data with all
necessary OARs and PTV. The static plan was created on a Varian 21EX Linear
accelerator with 6MV energy. For each KBRT query case, the number of angles from the
match case was added to the new plan and for each angle the field was fitted to the PTV
with a Iem margin. For the angles that entered the patient posteriorly, the field was
raised and fixed to the shoulder of the patient in order to reduce the beam to the lungs
and any other healthy tissue. Prescription dose and rate was also entered to match the

matching case dose and dose rate.
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The dose calculations in Eclipse use a pencil beam superposition convolution
method called Anisotropic Analytical Algorithm (AAA). The jaws of the posterior beams
are fixed and the dose volume constraints from the different KBRT methods and
priorities are entered. In order to ensure optimization is allowed to finish, this study
allowed at least 100 iterations or until an asymptote was reached. Once optimization is
tinished, MU’s for each beam and MLC motion is calculated for each field using the
sliding window method. With the resulting DVH, it is normalized to 95% of the volume

for 100% of the dose for analysis.

2.5 Plan Evaluation and Analysis

The tabular data of the DVH for PTV and a separate tabular data of the DVH for
OAR at absolute dose were exported for evaluation. The metrics used to analyze the
data were the mean and median dose for both parotids, larynx, and oral cavity. For
brainstem and the cord the maximum dose values were used as defined by the dose to
the highest 1% volume. The OARs were compared by using two-tailed paired t test of
the dose metrics for each organ.

In order to analyze the PTV, this study will compare both homogeneity index
(HI) and sigma index (SI).

HI = 222% 4 100% 3)

14



The equation above shows the definition of HI. D2 and D98 represent doses to
the highest 2% and 98% volumes respectively and Dp is the prescribed dose. Thus, HI

describes the drop off of the PTV. [32]

Vi

(4)

Viotal

S Index = \/Z(Di - Dmean)2 *

The equation above describes S index where Di is the dose in volume vi and
Dmean is the average dose within PTV and Vtotal is the total volume of PTV. Thus, SI
will show any significant change in mean PTV dose. [32]

After all 105 cases were re-optimized, 39 cases had noticeable improvements
whereas the other 66 had little or no improvements. To demonstrate the maximum effect
of the re-optimization, 20 cases were picked that matched to the subset of 39 matching
cases showing improvement. For a fair representation of the overall result of KBRT,
another 20 cases were added that matched to the remaining 66 cases with no
improvement.

Three KBRT methods were implemented, which differed based upon the source
of the input data used to optimize the query case. KBRT-O applied the dose volume
constraints of the matching case from the original database. KBRT-DW modified the
matching case constraints through dose warping to fit to the query case. Lastly, KBRT-
RO used the matching case constraints from the re-optimized database. The following
comparisons were made. KBRT-RO (re-optimized database) was compared to KBRT-O

(original database), isolating the effect of re-optimizing the database. KBRT-RO was also

15



compared to KBRT-DW in order to evaluate which of the newer techniques was better.
Finally, all 3 KBRT techniques were compared to the clinical results. All comparisons
were performed first using the 20 handpicked cases (re-optimization that showed
noticeable difference) and again with a total of 40 more representative cases as

mentioned above.

16



3. Results
3.1 OAR and PTV Evaluation

First, Figure 6 shows an example of a case where the updated Eclipse software
resulted in differences in DVH after optimization. No constraints or beam settings were
changed, but most DVH curves changed in comparison to the clinical DVH. There were

no trends seen for the changes in DVH due to updated Eclipse software update. Some

produced worsened OARs while some showed improvements.

Figure 6: Example of difference caused by software update of Eclipse

Figure 7 shows an example DVH where optimization brought down some OARs but
increased others. In these situations, the optimization was restarted or the case was left

alone.
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Figure 7: Example DVH comparison which shows a positive and negative results.
While most OAR does improve, cord + 5mm worsens. Original plan is marked by
triangle and the re-optimization attempt is marked by a square. This example shows 3
OARs out of 6 showing optimization at the expense of the other 3 OARs showing
higher dose or no improvements.

Figures 8 and 9 shows an example of OAR and PTV DVH plot where it was
possible to bring down at least one OAR significantly without having any negative
outcomes. In some cases, multiple OARs were improved as shown in figure 8. These are
a good representation of the 39 cases that were specifically picked for the first subset of

20 match cases.
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Figure 8: Example of DVH comparison between the original DVH and re-optimized
DVH where more than one OAR showed improvement. Original plan is marked as
square and re-optimized plan is marked as triangle. The comparison shows 3 OARs
showing improvements: Cord (yellow), Brainstem (blue), and Oral Cavity (Brown).

Figure 9: Example of DVH comparison between the original DVH and re-optimized
DVH where Larynx (yellow) and cord (dark blue) showed noticeable improvement
Original plan is marked as triangle and re-optimized plan is marked as rectangle.
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Figures 10-13 shows DVH comparison between the three KBRT methods being
compared. For easier view only 2 to 3 OARs are presented at a time. Most of the 40 cases

showed the KBRT-O to have the least preferable DVH. For KBRT-DW and KBRT-RO,

some cases showed better DVH for one while some showed better DVH for the other.

Figure 10: Comparison of three KBRT methods for subject 4, which illustrates KBRT-
DW outperforming the other two techniques. Here, square represents KBRT-RO,
triangle represents KBRT-O, and circle represents KBRT-DW. KBRT-DW shows

lower dose for 5 out of 6 OARs.

Brainst tem
Left Parotid
Right Parotid

Figure 11: Same Subject 4 as figure 10 but showing larynx, left parotid, and PTV.
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Figure 12: Another example of comparing three KBRT methods for Subject 9. Here,
KBRT-RO outperforms the other two techniques. As before, square represents KBRT-
RO, triangle represents KBRT-DW, and circle represents KBRT-O. The results here
are the opposite of figure 10 and 11. KBRT-RO shows lower dose for 4 out of 6 OARs.

Figure 13: Same Subject 9 as figure 12 but showing several other OARs as well as the
PTV (which was intentionally held constant).

21



3.2 Case-wise Analysis

The tables below present the DVH metrics discussed above which include the
mean and median dose for 4 of the 6 OARs and the maximum for the remaining two
OARs. Table 2 compares the three KBRT algorithms against the original clinical plan,
while Table 3 compares the three KBRT algorithms to each other. Tables 2 and 3 show
the results for the first subset of 20 cases that matched to 1 of the 39 cases where re-
optimization had a positive effect. Note that the re-optimization was only performed for
KBRT-RO, whereas the results for the other techniques of KBRT-O and KBRT-DW were
still based on the original database. These tables therefore show the performance of
these same 20 cases under the different algorithms.

Table 2 compares the 3 KBRT methods (KBRT-O using original database, KBRT-
DW with dose warping, and KBRT-RO with re-optimized database) against the clinically
approved and treated plan. The values presented are the means of the 20 cases for each
metric. In general, the trend is that all three KBRT techniques lowered dose for the two
ipsilateral parotid metrics, but increased dose for the other eight OAR metrics. Looking
at KBRT-DW, both mean and median for contralateral parotids and larynx were
significantly worse in comparison to the clinical values. Comparing the KBRT-O to the
clinical results, contralateral parotid mean and spinal cord maximum dose had
significantly higher dose. Comparing KBRT-RO to the clinical results, the contralateral

parotid mean dose was significantly higher than the clinical.
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Table 2: Performance for three KBRT methods compared to clinical plans for 20 cases
that showed improvements under re-optimization. Red values show metrics that were
worse, while green values were better. Significant differences are indicated by
asterisks. All metrics represent the mean over 20 patients.

20 Cases clinical KBRT-DW KBRT-O KBRT-RO
OAR dose metric [Dose in Gy Dose in Gy (p-value vs. clinical)
ipsi parotid  mean 33.67 33.52 (0.92) 32.52(0.53) 31.79(0.33)
median 31.01 30.82 (0.94) 28.02(0.33) 27.36(0.24)
contra parotid mean 11.06 15.03 (0.00)* 14.02 (0.04)* 13.94 (0.04)*
median 8.11 12.04 (0.05)* 12.12 (0.07) 12.21 (0.06)
larynx mean 20.72 22.93 (0.00)* 22.87 (0.06) 21.15 (0.72)
median 17.25 20.00 (0.00)* 19.60 (0.07) 18.54 (0.33)
oral cavity mean 23.20 23.79 (0.48) 24.77 (0.09) 24.49 (0.20)
median 20.42 21.56 (0.38) 22.24(0.20) 22.18 (0.29)
brainstem max 15.19 15.90 (0.38) 16.61 (0.03) 16.31 (0.06)
spinal cord max 26.82 27.70(0.30) 29.31(0.02)* 28.67 (0.06)
20 Cases PTV index PTV index (p-value vs. clinical)
PTV HI 9.92 9.92 (1.00) 14.96 (0.28) 11.04 (0.10)
Sl 1.06 1.06 (0.72) 1.03 (0.40) 1.07 (0.15)

To have a better idea of how the differing KBRT methods performed, each of the

three techniques were compared against each other in Table 3. First, we compared

KBRT-DW (original database but with constraints modified via dose warping) vs. KBRT-

O (original without dose warping). The addition of dose warping significantly improved

the cord+5mm maximum dose, while all other differences were not significant. Overall,

there was an even split between better and worse for the twelve OAR and PTV metrics.

Second, we compared KBRT-RO (re-optimized) against KBRT-O (original) to assess the
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effect of re-optimizing the database. KBRT-RO showed 5 significant improvements, and

overall 9 out of 10 OAR metrics were better. The two PTV metrics were split with no

significant differences. Finally we compared the two advanced KBRT techniques, KBRT-

RO vs. KBRT-DW. The ipsilateral parotid mean and median dose were significantly

lower in KBRT-RO, and overall there was an even split among the ten OAR metrics.

However, both PTV metrics were worse for KBRT-RO compared to KBRT-DW, and the

PTV homogeneity index was significantly worse.

Table 3: Comparison of the three KBRT algorithms for the 20 cases that showed
improvements under re-optimization. Metrics are shown on the left half of the table,
while p-values are on the right. Red values show metrics that were worse, while green
values were better. Significant differences are indicated by asterisks. All metrics
represent the mean over 20 patients.

20 Cases Dose (Gy) p-values for comparing KBRT
OAR dose metric | KBRT-DW KBRT-O KBRT-RO|DW vs O ROvs O RO vs DW
ipsi parotid mean 33.52 3252 31.79 0.11 o* 0.02*
median 30.82 28.02 27.36 0.06 0.04* 0.03*
contra parotid mean 15.03 14.02 13.94 0.08 0.45 0.06
median 12.04 12,12 1221 0.90 0.77 0.78
larynx mean 22.93 22.87 21.15 0.94 0* 0.06
median 20.00 19.60 18.54 0.67 0.01* 0.19
oral cavity mean 23.79 24.77 24.49 0.11 0.29 0.22
median 21.56 22.24  22.18 0.45 0.90 0.50
brainstem max 15.90 16.61 16.31 0.25 0.47 0.48
spinal cord max 27.70 29.31 28.67 0.03* 0* 0.16
20 Cases PTV index p-values for comparing KBRT
PTV HI 9.92 1496 11.04 0.29 0.40 0.02*
Sl 1.06 1.03 1.07 0.35 0.29 0.06
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The previous data were based on the subset of 20 cases that favored
improvement under re-optimization. To better represent the whole database, 20
additional cases were added that matched with cases where re-optimization made little
to no difference to the DVH. Tables 4 and 5 show the same comparisons as Tables 2 and
3 previously, but are based upon the expanded data set of 40 cases.

For the expanded data set of 40 cases, Table 4 shows there are more metrics that
performs worse for KBRT in comparison to the clinical results. All three KBRT methods
shows significantly higher dose for not only contralateral median but also larynx mean
and median. Two out of three techniques showed significantly higher dose for the
brainstem max dose. All PTV metrics for KBRT were worse than the clinical plan, and in

particular KBRT-RO had significantly worse heterogeneity index.

25



Table 4: Performance for three KBRT methods compared to clinical plans for 40
representative cases. Red values show metrics that were worse, while green values
were better. Significant differences are indicated by asterisks. All metrics represent
the mean over 40 patients.

40 Cases clinical KBRT-DW KBRT-O KBRT-RO
OAR dose metric [Dose in Gy Dose in Gy (p-value vs. clinical)
ipsi parotid mean 32.28 33.02 (0.51) 32.27 (0.99) 31.83 (0.70)
median 29.11 30.00 (0.62) 28.14 (0.63) 27.86 (0.53)
contra parotid mean 9.06 12.26 (<0.001)* 10.81 (0.06) 10.80 (0.06)
median 6.65 9.52 (0.01)* 9.24 (0.04)* 9.40 (0.02)*
larynx mean 18.14 21.36 (<0.001)* 21.61 (<0.001)* 20.61 (0.02)*
median 15.31 19.11 (<0.001)* 19.08 (<0.001)* 18.50 (0.01)*
oral cavity mean 21.61 21.74 (0.82) 22.33 (0.29) 22.08 (0.52)
median 18.55 19.25 (0.40) 19.51 (0.32) 19.50 (0.37)
brainstem max 13.14 13.09 (0.92) 14.56 (0.01)*  14.33 (0.03)*
spinal cord max 25.20 26.40 (0.10) 26.41 (0.12) 26.01 (0.28)
40 Cases PTV index PTV index (p-value vs. clinical)
PTV HI 9.17 9.30 (0.68) 11.98 (0.22) 10.28 (0.02)*
SI 1.38 1.39 (0.14) 1.39 (0.72) 1.41 (0.14)

Table 5 compares the three KBRT algorithms against each other for the expanded

data set of 40 cases. First when comparing KBRT-DW vs. KBRT-O, the effect of dose

warping was similar to before, with an even split of the ten OAR metrics. Three OAR

metrics were significantly worse, including the median ipsilateral parotid dose and both

the mean and median contralateral parotid dose. Only the brainstem max dose was

significantly better after dose warping. PTV metrics were split; one was the same and

another was better but not significantly. Next, KBRT-RO was still consistently better

than KBRT-O, so the improvements due to re-optimization were not much diluted with

the addition of new cases. Nine of the ten OAR metrics were better, four of them
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significantly better. PTV metrics were split and not significantly different. Finally, when

comparing the two advanced techniques, KBRT-RO showed some advantage over

KBRT-DW, with seven out of ten OAR metrics better, including three significantly:

ipsilateral parotid mean and median dose and contralateral parotid mean dose.

Brainstem dose was significantly worse. Both PTV metrics were worse for KBRT-RO

compared to KBRT-DW, with PTV HI significantly worse.

Table 5: Comparison of the three KBRT algorithms for 40 representative cases.
Metrics are shown on the left half of the table, while p-values are on the right. Red
values show metrics that were worse, while green values were better. Significant
differences are indicated by asterisks. All metrics represent the mean over 40 cases.

40 Cases Dose (Gy) p-values for comparing KBRT
OAR dose metric | KBRT-DW KBRT-O KBRT-RO|DW vs O RO vs O|RO vs DW
ipsi parotid mean 33.02 32.27 31.83| 0.08 0.01* 0.01*
median 30.00 28.14 27.86] 0.04* 0.41 0.03*
contra parotid mean 12.26 10.81 10.8] <0.001* 0.94  <0.001*
median 9.52 9.24 9.4 0.4%* 0.28 0.73
larynx mean 21.36 21.61 20.61f 0.55 <0.001* 0.13
median 19.11 19.08 18.5( 0.95 0.01* 0.29
oral cavity mean 21.74 22.33 22.08] 0.15 0.08 0.43
median 19.25 19.51 19.5( 0.65 0.97 0.67
brainstem max 13.09 14.56 14.33( <0.001* 0.26 0.01*
spinal cord max 26.40 26.41 26.01f 0.98 <0.001* 0.48
40 Cases PTV index p-values for comparing KBRT
PTV HI 9.30 11.98 10.28| 0.26 0.46 0.02*
Sl 1.39 1.39 1.41] 0.97 0.24 0.17
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3.3 Dose Warping Comparison

In the previous section, the two techniques of database optimization and dose
warping were treated independently, but they could be combined. Comparing the DVH
of KBRT-DW using the original database and re-optimized database showed little
difference. Figure 14 compares KBRT-O (original database) vs. KBRT-RO (re-optimized
database) for a typical case of Subject 9; neither utilized dose warping. Re-optimization
by itself results in improved performance across all OARs. Figure 15 compares KBRT-
DW, or original database with dose warping, to the combined re-optimization plus dose
warping. Note that the differences between all OARs is greatly decreased. This suggests
that the two techniques seem to be somewhat redundant, and combining them together

does not provide an additional advantage. Figures 16 and 17 show the same

comparisons for a different case, Subject 52.

Figure 14: Effect of re-optimization for Subject 9: KBRT-RO (using constraints from
re-optimized database) consistently improved performance over KBRT-O (copying
constraints from the original database)
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Figure 15: Effect of combining dose warping and database re-optimization for Subject
9. Showed case of lessened difference after the database went through dose warping.
Figure 14 shows the difference without dose warping.

Figure 16: Same comparison as Figure 14 but for a different Subject 52, again
demonstrating KBRT-RO (re-optimization of database) improved performance over
KBRT-O (original database).
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Figure 17: Same comparison as Figure 14 but for a different Subject 52, again showing
reduced differences when dose warping was combined with re-optimization.
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4. Discussion and Future Works

4.1 Discussion

KBRT relies on a database of previous patients to aide in creating a treatment
plan for a new incoming patient. As an academic center with ample resources and staff
experience, we previously assumed that our institution consistently produced optimal
treatment plans for each patient. From that database, one can derive constraints or
simply use the same constraints and priorities. However, it was recognized that not all
cases would be optimal, hence the dose warping technique was devised to customize the
constraints for each case and thus improve plan quality.

For this study, our aim was to improve past KBRT methods by taking the extra
time to re-optimize each case in the database and see if such changes can further
improve KBRT plan quality, with or without dose warping. Although the work of re-
optimizing the database is extremely time consuming, that work is performed only once
in advance. In comparison, dose warping requires calculations for each new case.
Therefore, re-optimization may save the time spent on determining the dose volume
constraints via dose warping.

For this particular study, the re-optimization process was performed by myself, a
graduate student trainee whose experience in optimization of HNC included multiple
graduate course work including optimization sessions with the teaching professors,

projects requiring plan optimization, as well as hands-on training sessions with previous
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students in our lab and Dr. Shiva Das, an experienced clinical physicist. However, it is
important to note that a graduate student’s skill is not certified, and this may have
limited the degree to which the database was improved via re-optimization. For
example, depending on the patient there are cases where certain organs may be
sacrificed in order to save a more critical structure. This will produce an overall
beneficial plan. However, to be conservative for this study, no sacrifices were made such
that only plans with improvements were kept. In spite of these limits, however, this
project can still serve as a proof of concept. If the student’s re-optimization resulted in
any improvements, then there may be additional benefit of using qualified physicists or
dosimetrists to systematically re-optimize the database.

This study focused on the three KBRT methods: KBRT-O that simply used the
existing constraints from the original database, KBRT-DW that tightens constraints by
looking at the geometry and re-shaping the dose, and KBRT-RO where the database was
re-optimized to yield potentially better constraints.

When compared against the original constraints, dose warping showed mix
results with the metrics split evenly among better or worse. Considering the larger set of
forty cases, dose warping significantly increased median dose to the important
ipsilateral parotids. This contradicts previous work from our lab that suggested dose

warping consistently improved performance. However, that previous study was based
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on only ten cases, whereas the current study used a much more representative sample of
forty cases.

The effect of re-optimizing the database was demonstrated qualitatively with
DVH examples as well as quantitatively with OAR dose and PTV uniformity metrics.
Re-optimization consistently improved results over the original database. This was to be
expected for the first twenty cases that were chosen because they matched to cases that
improved under re-optimization. However, much of that improvement remained even
when the data set was doubled with the addition of another twenty cases selected from
those that did not improve under re-optimization. The fraction of cases that improved
under re-optimization was a big enough part of the database that the improvement
propagated through to the larger, more representative sample of all HNC cases from our
institution.

The difference between KBRT with dose warping between the original database
and re-optimized database was deemed insignificant, therefore only KBRT dose
warping results from the original database was used. In other words, combining the two
advanced techniques of dose warping and database re-optimization was redundant and
did not provide additional benefit.

Comparing KBRT-RO to KBRT-DW, KBRT-RO has lower mean for 5 of 10
metrics with 2 significantly lower than KBRT-DW. KBRT-DW also shows the larynx

with a significantly higher dose which shows KBRT-RO as more beneficial method.
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However the PTV homogeneity for KBRT-RO does suffer. Given KBRT-DW takes more
computation and does not perform significantly better than KBRT-RO seems to show
KBRT-RO may be an alternate option for a semi-automated treatment planning. The
PTV does worsen when comparing average values but does not show statistical
significance.

The goal of this project was to develop a method that is comparable to the
clinical results. At the current time, it is not envisaged that the treatment planning
process can be fully automated. Therefore, it is sufficient to just provide a reasonable
starting point to expedite planning time and potentially improve consistency and
quality. All three KBRT algorithms were significantly worse for the contralateral parotid.
Contralateral parotid by definition means that the parotids are far away from the target
volume. Therefore the dose to contralateral parotid will be low and has less clinical
significance. At Duke University, the standard limit for the parotid glands are 18 and 20-
22 Gy for ipsilateral and contralateral parotids respectively. The mean dose for
contralateral parotids for KBRT-DW and KBRT-RO a mean value of 12.26 Gy and 10.8
Gy respectively which are both lower than the standard. All three KBRT algorithms
were also worse for the larynx. Likewise, the larynx constraint for Duke University is
shown as the median volume dose to not exceed 20 Gy and physician recommendation
are to not exceed 30 Gy [27]. The mean dose for the larynx for KBRT-DW and KBRT-RO

are 21.36 Gy and 20.61 Gy respectively which are roughly around the limits according to
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table 1 and below the dose limit set by physicians. While not optimal, KBRT methods are

able to produce comparable results.

4.2 Future Works

This study demonstrated the value of re-optimizing the database for knowledge
based radiation therapy. If a more experienced planner went through the re-
optimization process, the results could have shown better trends. Also, previous KBRT
work on prostate cancer showed significantly sub-optimal plans from community clinics
other than Duke University [18]. If a clinic was to adapt or develop their own database
for KBRT, then re-optimizing may have a bigger effect and therefore may prove to be a
beneficial method over dose warping. Future work could focus on working with a
database from different clinic and having a certified planner go through the process

even more thoroughly to build a truly optimal database.
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4.3 Conclusion

Clinical comparison shows signs that KBRT cannot replace current dosimetrists.
Rather, KBRT can provide the first step in IMRT optimization in making a treatment
plan. Given the results of KBRT a manual optimization can further improve the
treatment plan. Human experience and expertise is needed to create a final treatment
plan but KBRT can help cut down the amount of time spent on making treatment plans
as shown. Comparison of three KBRT methods indicate that the effort that is put into
creating a new database with re-optimized treatment plans showed some improvements
compared to dose warping. However, if a database was re-optimized further by
someone with expertise who produced a database where all matching cases have
significant improvements through re-optimization, there may be even more significant

improvements.
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