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Automated contouring,
treatment planning, and quality
assurance for VMAT craniospinal
irradiation (VMAT-CSI)
Eric Simiele †‡, Ignacio O. Romero ‡, Jen-Yeu Wang,
Yizheng Chen, Yuliia Lozko, Yuliia Severyn,
Lawrie Skinner, Yong Yang, Lei Xing, Iris Gibbs,
Susan M. Hiniker§ and Nataliya Kovalchuk*§

Department of Radiation Oncology, Stanford University, Stanford, CA, United States
Purpose: Create a comprehensive automated solution for pediatric and adult

VMAT-CSI including contouring, planning, and plan check to reduce planning

time and improve plan quality.

Methods: Seventy-seven previously treated CSI patients (age, 2-67 years) were used

for creation of an auto-contouring model to segment 25 organs at risk (OARs). The

auto-contoured OARs were evaluated using the Dice Similarity Coefficient (DSC),

95% Hausdorff Distance (HD95), and a qualitative ranking by one physician and one

physicist (scale: 1-acceptable, 2-minor edits, 3-major edits). The auto-planning script

was developed using the Varian Eclipse Scripting API and tested with 20 patients

previously treated with either low-dose VMAT-CSI (12 Gy) or high-dose VMAT-CSI

(36 Gy + 18 Gy boost). Clinically relevant metrics, planning time, and blinded

physician review were used to evaluate significance of differences between the

auto and manual plans. Finally, the plan preparation for treatment and plan check

processes were automated to improve efficiency and safety of VMAT-CSI.

Results: The auto-contours achieved an averageDSCof 0.71 ± 0.15, HD95 of 4.81 ±

4.68, and reviewers’ ranking of 1.22 ± 0.39, indicating close to “acceptable-as-is”

contours. Compared to the manual CSI plans, the auto-plans for both dose

regimens achieved statistically significant reductions in body V50% and Dmean for

parotids, submandibular, and thyroid glands. The variance in the dosimetric

parameters decreased for the auto-plans as compared to the manual plans

indicating better plan consistency. From the blinded review, the auto-plans were

marked as equivalent or superior to the manual-plans 88.3% of the time. The

required time for the auto-contouring and planning was consistently between 1-2

hours compared to an estimated 5-6 hours for manual contouring and planning.

Conclusions: Reductions in contouring and planning time without sacrificing

plan quality were obtained using the developed auto-planning process. The

auto-planning scripts and documentation will be made freely available to other

institutions and clinics.
KEYWORDS

auto-planning, craniospinal irradiation (CSI), VMAT-CSI, auto-contouring, Eclipse
Scripting API (ESAPI), deep learning
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1 Introduction

Craniospinal irradiation (CSI) plays a crucial part in the

multidisciplinary care of CNS tumors in children and adults

(1–3). Postoperative CSI with chemotherapy is the current

standard of care of medulloblastoma (1, 2, 4). Additionally, CSI

in conjunction with total body irradiation (TBI) can be used as a

conditioning regimen for stem cell transplantation for patients with

acute lymphoblastic leukemia (ALL) with CNS involvement (5, 6).

Radiation treatments for CSI have historically involved simple 3D

techniques that lead to significant short and long-term toxicities due to

the unnecessary dose delivered to uninvolved organs. To reduce these

effects, Chen et al. (7) introduced Volumetric Modulated Arc Therapy

(VMAT), which is a modern alternative to the classic 3D treatment

technique of these cancers. However, due to the extent and shape of the

target volume, this approach is resource and time-intensive in terms of

target and organs-at-risk (OAR) contouring, treatment planning, and

treatment delivery. The European Society for Pediatric Oncology

(SIOPE) radiotherapy group developed extensive guidelines for target

volume delineation and provided the recommended OAR structures to

consider for pediatric and young adult CSI treatments (8). Due to the

large number of OARs to contour and the specifications of the target

volume, CSI treatment planning can consume many hours from

radiation oncologists, dosimetrists, and medical physicists.

Furthermore, inter-planner variability can significantly impact the

final plan quality of complex treatment techniques, such as VMAT

CSI. Therefore, there is a need to standardize and automate VMAT-

CSI treatment planning without sacrificing plan quality.

Previous groups have investigated the feasibility of automating

the planning process for CSI (9–11). Wang et al. (10) developed an

automated planning process for robust IMRT CSI in RayStation

(RaySearch Laboratories, Stockholm, Sweden) and shared their

script publicly. They found no significant differences between the

manual and autoplans for the 10 patients in their study, but

observed a decrease in planning time of approximately 50%.

Zhang et al. (11) developed an automated planning technique for

VMAT-CSI utilizing PlanIQ Feasibility software (Sun Nuclear,

Melbourne, FL) integrated into the Pinnacle treatment planning

system. They observed significant decreases in the doses to OARs

compared to manual planning, but no significant changes

compared to a conventional auto-planning technique without

PlanIQ. They only observed a minor decrease in planning time of

12 minutes (on average) using their developed technique compared

to manual planning. Hernandez et al. (9) developed an automated

contouring and planning tool in RayStation for 3D conventional

CSI treatments targeted at improving safety and efficiency in low

and middle income countries. While these prior works have

automated parts of the treatment planning process, no study has

automated the entire chain of treatment planning from contouring

to physics second check for a modern CSI treatment technique such

as VMAT-CSI. Only Wang et al. (10) shared their developed scripts

with the public via GitHub, however, many of the parameters

including dose levels, structure names, and optimization

structures are hard-coded parameters that follow conventions

used in their clinic, which may limit widespread adoption of

their technique.
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This goal of this work was to automate the contouring,

treatment planning, and physics plan check process for VMAT-

CSI. All developed software in this work will target the Eclipse

treatment planning system (Varian Medical Systems Inc., Palo Alto,

CA). In addition, the results of this work, including developed

software, will be shared publicly to enable institutions to adopt the

developed auto-planning process into their own practice. To our

knowledge, this is the first work to develop a comprehensive auto-

contouring and auto-planning tool for VMAT-CSI.
2 Methods

A figure of the workflow for the developed auto-planning process is

provided in the Supplementary Material (Supplementary Figure 1).

Each step in the workflow is described in more detail in the following

sections. The use of anonymized patient data for this study was

approved by the institutional review board.
2.1 Auto-contouring

2.1.1 Training and test data
Auto-contouring was implemented for 25 OARs including

brain, brainstem, optic chiasm, parotids, heart, lungs, kidneys, etc.

A total of 77 previously treated CSI patients (age range, 2 - 67 years,

median, 13.3 years) were used for the development of the auto-

contouring model and divided into 50 training cases, 7 validation

cases, and 20 test cases. For each case, the CT scan and RT structure

set used for radiation treatment planning were thoroughly reviewed

by two radiation oncologists and two physicists to standardize

contours and structure names.

2.1.2 Auto-contouring model architecture and
training details

A classic 2D U-Net architecture was selected to perform the

auto-segmentation of 20 OARs, and a modified 2.5D U-Net

architecture was selected to perform the auto-segmentation of the

remaining 5 OARs (optic chiasm, left optic nerve, right optic nerve,

left cochlea, and right cochlea). Two deep learning models were

employed in this work as it was observed during training and testing

that the 2D model performed well for larger structures, but poorly

for small structures. Utilizing a 2.5D model significantly increased

the accuracy of the segmentation of these smaller structures, but

also significantly increased the time required for segmentation, with

little gain in accuracy for the larger structures. Therefore, a hybrid

approach consisting of two models represented an ideal balance

between speed and accuracy of the auto-contouring process.

The input to both networks is a 192×352-pixel image, and the

output is a 192×352-pixel binary mask for each of the 25 OARs. Both

networks consist of an encoder section composed of four contraction

blocks and a decoder section composed of four expansion blocks. Each

contraction block consists of two 2D convolution layers followed by

2D maximum pooling and doubles the number of kernels to encode

features of greater complexity. At the bottom of the networks, two

standalone 2D convolution layers of kernel size 1024 connect the
frontiersin.org
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encoder section to the decoder section. Subsequently, each expansion

block in the decoder section consists of a 2D transposed convolution

operator followed by two 2D convolution layers to perform spatial up-

sampling. Skip connections between symmetrical contraction and

expansion blocks facilitate the concatenation of lower-level

information to processed information in latter layers of the

network. At the end of the decoder section, two standalone 2D

convolution layers of kernel size 64 are followed by sigmoid

activation, classifying each pixel as part of or outside of each of the

OARs. In the 2.5D U-Net, three consecutive 2D image slices with an

interval of 2, i.e., slices n-2, n, and n+2, are input into the network, and

the auto-segmentation predictions of the three slices are output. The

2.5D network is applied for the whole image volume slice by slice, and

the predictions for each 2D image slice are staked and averaged as the

final auto-segmentation. This 2.5D method considers the continuity

and variability of the organ structure, which provided auto-

segmentation accuracy superior to that of the 2D method for the

5 OARs.

For training, the hyperparameters were set to 70 epochs, batch

size of 8, initial learning rate of 0.001. The Adam optimizer and

Dice loss function were used for the network optimization. The

model was implemented, trained, and evaluated using Python 3.10

and the CUDA-enabled PyTorch 1.13 library. An Alienware Aurora

R15 workstation with 13th-generation Intel Core i9 CPU, NVIDIA

GeForce RTX 4090 GPU, and 64 GB RAM was used to train the

auto-contouring model. The model was deployed for production in

the clinical setting on a Dell Precision workstation with Intel Xeon

Silver 4110 CPU, NVIDIA Quadro P5000, and 32 GB RAM.

2.1.3 Auto-contouring evaluation metrics
To measure spatial overlap, Dice Similarity Coefficient (DSC)

between predicted and ground truth labels was calculated using

Equation 1 where A and B are the predicted and ground truth

volumes, respectively:

DSC =
2 A ∩ Bj j
Aj j + Bj j , (1)

To evaluate surface-to-surface distance, 95th percentile

Hausdorff Distance (HD95) between predicted and ground truth

labels was calculated using the MedPy 0.4.0 library. A qualitative

ranking of auto-contours was also performed by one physician and

one physicist using the clinical trials contour ranking scale: 1 -

acceptable, 2 - minor edits, and 3 – major edits.
2.2 Auto-planning

2.2.1 Architecture
Multiple application programming interface (API) scripts were

developed within version 15.6 of the Varian treatment planning

system Eclipse Scripting API (ESAPI) to facilitate auto-planning.

The framework for these scripts were derived from the results of our

previously published works with VMAT TBI auto-planning (12,

13). The process was broken into two parts: preparation and

optimization. By breaking the process into two distinct sections,

the planner has a chance to review the generated tuning/
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optimization structures, the created plan(s), the isocenter and

beam placement, and assigned optimization objectives prior to

the optimization loop. Should a problem be discovered, the

planner can easily fix the issue or rerun the preparation script

rather than losing time optimizing plan(s) with a sub-optimal setup.

Once the auto-contours have been reviewed and the targets

drawn and approved by the physician, the planner will launch the

preparation script. The user will then select a plan template to use

for the given patient, which will pre-populate all the relevant

parameters for preparation. To guide the user where to go on the

GUI, the tabs change color depending on the action that should be

performed next: red indicates an action should be performed and

green indicates the action on that tab is complete. Since generation

of optimization/tuning structures and plan generation can take

more than 30 seconds each (e.g., tuning structure generation can

take up to 4 minutes depending on the complexity of the case and

the resolution of the CT scan), asynchronous progress reporting

was implemented for these operations so the user is aware of what

the script is doing during these operations. Once the plan(s) have

been prepared using the script, the user will save their changes,

reload the patient in Eclipse, and review the output of the script.

Once the user is satisfied with the prepared plan(s), they will

launch the optimization loop script, either from within Eclipse or

on a thick-client workstation. The script will pick up where the

preparation script left off and allow the user another chance to

change the plan objectives and optimization constraints for this

patient. Once the optimization loop is launched, it proceeds until all

plan objectives are met or until the maximum number of user-

requested iterations is reached. While the logic for the optimization

loop was built on our previous code (13), several modifications were

necessary to allow for sequential optimization of initial and boost

CSI plans, specifically regarding plan evaluation. Since there is no

available method within ESAPI v15.6 to generate a plan sum, a

custom method was implemented to create a sum plan for

evaluation of the plan objectives. The optimization loop script

was designed to eliminate planner oversight/intervention so the

user can launch the script at the end of the workday and return to

plan(s) ready for review in the morning. Video demonstrations of

both scripts are provided in the Supplementary Material.

The auto-planning code developed in this work has been made

open-source under the MIT License via Github (https://github.com/

esimiele/VMAT-TBI-CSI). In addition to the flexibility provided by

the script GUIs, configuration and template files are provided with

the scripts that are read at run-time. Users can simply adjust the

configuration files and modify/add plan template files without

having to adjust and recompile the underlying code, which allows

users to adapt the scripts to their clinical environment and practice.

2.2.2 Evaluation
The developed scripts were tested on two patient cohorts

previously treated at our institution: ten patients treated to 12 Gy

in 6 fractions and ten patients treated to 36 Gy in 20 fractions

followed by an 18 Gy boost in 10 fractions. The 12 Gy cohort

represents a simple case of auto-planning a single plan only,

whereas the 36 Gy cohort represents the more challenging case of

auto-planning two plans simultaneously where the achieved quality
frontiersin.org
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of one plan influences the achieved quality of the other and the

quality of the composite sum.

The quality of auto-plans was compared to their clinical (i.e.,

manual) plan counterparts on the basis of clinically relevant DVH

metrics such as target coverage, target hotspot, low isodose spill, etc.

Paired t-tests were used to evaluate the significance of any observed

differences where a p ≤ 0.05 was considered statistically significant.

To further evaluate the quality of the auto-plans, two physicians and

one physicist were asked to review the 40 plans in a blinded

retrospective manner where all identifying information was

removed from the plans. The reviewers were asked for each

patient: 1) if each plan was clinically acceptable, and 2) between

the two sets of plans, which would they choose for treatment and

why. Finally, the auto- and manual-plans were compared based on

required planning time. The time for manual planning was

estimated based on time stamps in the Varian Aria system

whereas the time for auto-planning was determined from

evaluating the log files produced from the scripts.
2.3 Auto-plan checking

2.3.1 Automated Plan Checker (APC)
The APC tool was adapted from a previously developed ESAPI

script at our institution that focused on reducing treatment

planning errors before they reached patient treatment (14). Liu

et al. (14) utilized the Six Sigma DMAIC methodology combined

with an FMEA analysis of our institution’s planning and treatment

practice (14) to guide development of the APC. During testing and

initial clinical implementation, they found APC to significantly

reduce planning errors while simultaneously improving the

efficiency of physics plan checking. This tool is still in use at our

institution today and is routinely updated based on changes in

workflow and planning practice. The present work built on the

success of the APC and incorporated checks for identified failure

modes during VMAT-CSI planning for both low-dose and high-

dose CSI. The APC tool was modified and refined during the auto-

planning development process and was thoroughly tested for false

positives and negatives prior to clinical implementation.

2.3.2 Robustness evaluation
To ensure the auto-plans are insensitive to small changes in

longitudinal positions of the isocenters, plan robustness was tested

for the 12-Gy cohort by shifting the isocenters of the upper spine

and lower spine fields 3 mm in the superior direction. The change in

the global max dose between the nominal and shifted plan was then

compared between the manual and auto-plans.
3 Results

3.1 Auto-contouring

3.1.1 Auto-contouring workflow
The auto-contouring model was deployed on the clinical

workstation to read CT scans from a user-specified network
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location. The auto-planning script communicates with a DICOM

Daemon to facilitate the delivery of planning CT scans to the

network location, at which point auto-contouring would

commence. The predicted mask for each organ-at-risk was

transformed from a binary mask into an RT structure contour,

and the output DICOM RT structure set file is identified by the

auto-planning script and imported into the treatment planning

system to be used for the subsequent planning procedure. The

entire process takes less than 5 minutes.

3.1.2 Auto-contouring evaluation
Table 1 shows the auto-contour evaluation using Dice Similarity

Coefficient (DSC), 95% Hausdorff distance (HD95), and a

qualitative ranking by two physicians and one physicist (1 -

acceptable, 2 - minor edits, 3 - major edits). The auto-contours

achieved an average DSC of 0.71 ± 0.15, average HD95 of 4.81 ±

4.68, and average ranking of 1.22 ± 0.39 from the experts. The

average ranking for all the structures was between 1 (acceptable)

and 1.5. Optic chiasm was ranked with the worst score from the

reviewers 1.45 ± 0.5 and the lowest DSC of 0.38 ± 0.21. On the other

hand, brain received highest DSC of 0.97 ± 0.01. Reviewer 1 ranked

30 structures out of 500 (6%) as “3 - requiring major edits” with

optic chiasm being most frequently ranked as “3” (4 out of 20

patients). Reviewer 2 ranked 16 structures out of 500 (3.2%) as “3 -

requiring major edits” with optic chiasm (2 out of 20), pituitary

(2 out of 20), cochlea R (2 out of 20) and cochlea L (2 out of 20)

being most frequently ranked as “3”.

Overall agreement rate between reviewers for all the structure

ranking was 80.8%. For two patients with unusual anatomy (patient

with missing anterior skull after surgery, and patient with hardware

and hyper-flexed neck), the auto-segmentation performed the worst

where 10 out of 25 structures required major editing based on

Reviewer 1 ranking. Overall, 60% of structures had DSC ≥0.7 and

reviewer ranking ≤1.4.
3.2 Auto-planning

Figure 1 shows the manual and auto plan dose distributions for

a pediatric patient and an adult patient for the low-dose and high-

dose regimens of VMAT-CSI. The dose cloud is thresholded to 50%

of the initial plan prescription dose. As seen from the axial, coronal,

and sagittal slices, the auto plan exhibits less anterior dose spillage

compared to the manual plan.

Dosimetric scatterplots of the six most statistically significant

quantities between the manual and auto-plans for the low-dose and

high-dose regimens of VMAT-CSI are illustrated in Figure 2. The

low-dose regimen is represented by circles while the high-dose

regimen is represented by triangles. A clear preference by the

medical experts toward the auto-plans is seen by the color

shading of the shapes.

The average achieved dosimetric indices for the auto- and

clinical manual-plans are shown in Tables 2 and 3 for the 12 Gy

cohort and 36 Gy initial with 18 Gy boost cohort, respectively. The

majority of the observed differences were not statistically significant

with some notable exceptions: intermediate-dose spill (body V50%),
frontiersin.org
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parotids Dmean, submandibulars Dmean, and thyroid Dmean were

significantly lower for the auto-plans as compared to the manual

plans for both cohorts. In addition, brainstem Dmax (constraint of

Dmax<55 Gy) was significantly lower for the auto-plans compared

to the manual plans for the 36 Gy cohort (Table 3).

Figure 3 shows the box plots of differences in achieved plan

quality metrics (left) and reviewers’ ranking of the plans (right)

indicating auto-plan preference 88.3% of the time.
3.3 Auto-plan checking

3.3.1 Automated Plan Checker (APC)
A sample plan check report generated by the APC is available in

the Supplementary Material. Information regarding the patient, course,
Frontiers in Oncology 05
and treatment plan sum name is displayed in the header of the report.

The item checks of the VMAT-CSI plan sum are shown in the left

column. The middle column reports the status of the item check. The

right column provides a description for the result of the check. In

addition to the routine checks e.g., prescription, dose, dose rate, energy,

etc, the APC tool checks the geometry of the CSI beams, location of

isocenters and verifies the entered shifts in the Aria dynamic document

used by the therapists during treatment delivery.

3.3.2 Robustness evaluation
When evaluating robustness for all the plans by deliberately

shifting isocenters into each other by 3 mm, the median global Dmax

increase was lower with auto-plans compared to manual plans

(5.9% vs 9.6%, p = 0.037). The standard deviation of global Dmax

increase was also smaller for auto-plans compared to manual plans
TABLE 1 Auto-contouring evaluation parameters: Dice Similarity Coefficient (DSC), 95% Hausdorff Distance (HD95), and a qualitative ranking by one
physician and one physicist (1 acceptable, 2 minor edits, 3 major edits).

Structure DSC s HD95 s Reviewer
Ranking

s

Brain 0.97 0.01 2.64 1.93 1.20 0.30

BrainStem 0.76 0.12 4.11 1.88 1.10 0.25

Cochlea_L 0.52 0.29 5.27 11.66 1.30 0.74

Cochlea_R 0.51 0.28 5.39 12.06 1.30 0.74

Esophagus 0.66 0.12 10.75 15.39 1.25 0.34

Eye_L 0.86 0.20 1.85 0.57 1.00 0.00

Eye_R 0.87 0.20 1.83 0.62 1.00 0.00

Glnd_Submand_L 0.73 0.19 4.09 3.79 1.18 0.55

Glnd_Submand_R 0.75 0.16 3.31 2.16 1.10 0.32

Heart 0.91 0.03 4.81 2.23 1.40 0.35

Kidney_L 0.92 0.02 4.41 4.40 1.40 0.47

Kidney_R 0.92 0.04 4.16 4.90 1.28 0.48

Larynx 0.80 0.08 4.52 1.83 1.23 0.39

Lens_L 0.46 0.17 2.99 1.58 1.20 0.36

Lens_R 0.50 0.26 2.60 1.64 1.38 0.68

Lungs 0.96 0.02 3.64 7.31 1.33 0.38

OpticChiasm 0.38 0.21 5.76 3.49 1.45 0.50

OpticNrv_L 0.52 0.19 6.45 5.80 1.08 0.24

OpticNrv_R 0.59 0.19 5.24 4.37 1.13 0.40

OralCavity 0.88 0.06 3.64 1.29 1.13 0.23

Parotid_L 0.75 0.23 5.54 4.26 1.18 0.48

Parotid_R 0.77 0.20 5.25 2.69 1.10 0.32

Pituitary 0.47 0.24 2.98 1.79 1.33 0.74

SpinalCord 0.74 0.07 14.85 17.80 1.08 0.18

Thyroid 0.68 0.09 4.12 1.47 1.35 0.32

Average 0.71 0.15 4.81 4.68 1.22 0.39
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FIGURE 1

Comparison of the auto-plans and manual plans for one adult and one pediatric patient for 12 Gy and 54 Gy dose regimens. The dose clouds have
been thresholded to 50% of the initial plan prescription dose.
FIGURE 2

Dosimetric scatterplots of the six most statistically significant quantities between the manual plans and auto-plans for 12 Gy (circles) and 54 Gy
(triangles) dose regimens: body V50%, and Dmean for submandibular glands, parotids, thyroid, and heart and Dmax for brainstem. The Brainstem
Dmax was normalized to the CSI Rx dose. The plan preference was based on the majority consensus response (from at least 2 reviewers). The black
arrows in each plot indicate the direction of auto-plan superiority/inferiority relative to the line of plan equality.
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(4.3% vs 8.3%) indicating a more consistent change in plan

heterogeneity with isocenter positioning uncertainty with the

auto-plans as compared to the manual plans.
4 Discussion

Patients requiring CSI treatments can include pediatric,

adolescent, and adult patient populations. Therefore, any

automated planning tool would need to be applicable to a large

range of patient, organ, and target sizes. The primary challenge in

developing accurate deep learning auto-contouring models for

pediatric patients is the greater variation in organ structure size

and shape as compared to adult patients (15, 16).

Efforts have been made to develop robust auto contouring tools

to alleviate the demands of pediatric treatment planning and

remove inter-planner variability while improving planning time

efficiency and plan accuracy. Qiu et al. (17) constructed and
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evaluated a Triplet-Attention U-Net (TAU-Net) auto-contouring

model to contour important pediatric skeletal growth centers in the

craniofacial, shoulder, and pelvic regions with the objectives of

mitigating growth abnormalities induced by radiation treatment.

Hernandez et al. (9) automated the end-to-end treatment planning

process for 3D CSI to provide a tool for resource-constrained

communities. Auto-contouring in their work was performed with

a CNN model for HN organ structures and a nn-UNet model for

the remaining structures required for 3D CSI. Adamson et al. (18)

developed and evaluated a fully convolutional network for pediatric

CT organ delineation which proved to be generalizable across CT

scanner model protocols and patient age. Similar to the approach by

Hernandez et al. (9), auto-contouring in this work was achieved by

utilizing a combination of two models to achieve satisfactory

contours: a 2.5D UNet model for contouring small HN structures

(e.g., optic nerves, chiasm, etc.) and 2D UNet model for contouring

the remaining OARs. This hybrid approached provided better

flexibility and accuracy in generating accurate contours for very
TABLE 2 Average dosimetric indices and their associated p-values for the auto- and manual plans for 12 Gy CSI.

Dosimetric
Parameter

Constraint Auto-plan
Average

s Manual
Plan

Average

s % diff p-value

PTV CSI 12 Gy Dmax % < 115 % 112.5 % 0.2 % 113.7 % 1.8 % -1.1 % 02

PTV CSI 12 Gy D0.03cc % < 113 % 111.7 % 0.2 % 113.1 % 1.9 % -1.2 % 02

PTV CSI 12 Gy V110 % < 1 0.1 % 0.1 % 2.6 % 5.9 % -97.9 % 10

Body V6Gy (cc) 7772.1 1906.1 8480.5 2107.2 -8.3 % 0001

BrainStem Dmax (Gy) <13.2 Gy 12.9 0.1 13.0 0.5 -1.1 % 20

Cochleas Dmean (Gy) <12.5 Gy 12.4 0.2 12.4 0.4 0.0 % 31

Esophagus Dmean (Gy) <12.0 Gy 8.3 0.9 8.6 0.9 -3.3 % 09

Glnd_Submands
Dmean (Gy)

<5.5 Gy 4.9 0.5 5.9 1.4 -17.6 % 01

Eyes Dmax (Gy) <12.5 Gy 12.5 0.7 12.8 0.9 -2.4 % 06

Eyes Dmean (Gy) <12.0 Gy 10.3 0.9 9.7 1.5 6.7 % 06

Heart Dmean (Gy) <4.5 Gy 3.8 0.6 3.8 0.7 -0.5 % 46

Kidneys Dmean (Gy) <3.0 Gy 3.0 0.3 3.1 1.0 -3.0 % 38

Larynx Dmean (Gy) <8.0 Gy 6.4 0.7 7.2 1.2 -10.6 % 02

Lenses Dmax (Gy) <10.0 Gy 9.4 1.3 8.1 2.3 16.8 % 06

Lungs Dmean (Gy) <3.0 Gy 3.2 0.3 3.4 0.8 -7.4 % 13

OpticChiasm Dmax (Gy) <13.2 Gy 12.7 0.2 12.8 0.5 -0.9 % 23

Optic Nerves Dmax (Gy) <13.2 Gy 12.8 0.1 12.9 0.5 -0.6 % 32

OralCavity Dmean (Gy) <3.5 Gy 3.4 0.3 3.7 1.4 -7.9 % 27

Parotids Dmean (Gy) <4.5 Gy 4.7 0.4 6.5 1.6 -27.6 % 004

Pituitary Dmax (Gy) <13.2 Gy 12.7 0.2 12.7 0.4 -0.3 % 36

SpinalCord Dmax (Gy) <13.2 Gy 13.2 0.2 13.2 0.6 0.1 % 48

Thyroid Dmean (Gy) <6.5 Gy 6.2 0.5 7.8 1.4 -20.1 % 002
All the plans were normalized to PTV CSI D95%=12Gy. A p-value ≤0.05 was considered statistically significant (bold text).
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small structures (e.g., chiasm, optic nerves, etc.) and structures of

varying size depending on patient size and age (e.g., lungs,

kidneys, etc.).

Our group previously developed an automated planning

process for VMAT-TBI (12, 13), which allowed us to leverage the

framework from that study in the present work. Similar to our

previous works (12, 13), multiple API scripts were developed to

streamline the auto-planning process. Following the initial

introduction of VMAT-CSI (7) into our clinical practice,

planning for these cases consisted of using clinical protocol

templates, which contained the necessary target and OAR

structures, beam arrangement, optimization objectives, and plan

information. While these templates are helpful, they have several

limitations, the greatest of which is they are not patient-specific,
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which is critical for cases where the target shape and size can

significantly vary. Thus, the planner would be required to modify

the initial beam and plan arrangement to conform to the patient-

specific anatomy. Furthermore, the template only contains the

necessary OAR structures, but not any of the tuning/optimization

structures, which must be generated manually by the planner.

Finally, due to the large calculation volume, the memory

requirements of optimization and dose calculation significantly

slow down the planning process, which reduces the number of

tasks a planner could work on simultaneously.

The developed preparation script can generate optimization

structures, determine the required number and location of

isocenters, generate the plan, place the appropriate number of

beams, and assign optimization constraints in 2 minutes on
TABLE 3 Average dosimetric indices and their associated p-values for the auto- and manual plans for the CSI plan sum (36 Gy initial plan + 18
Gy boost).

Dosimetric
Parameter

Constraint Auto-plan
Average

s Manual
Plan

Average

s % diff p-value

PTV Boost 54Gy D95 % ≥ 100 % 100.3 % 0.7 % 100.7 % 1.3 % -0.4 % 0.20

PTV Boost 54Gy Dmax % < 110 % 107.9 % 1.1 % 107.2 % 1.2 % 0.7 % 0.07

PTV Boost 54Gy
D0.03cc %

< 110 % 107.6 % 1.0 % 106.7 % 1.3 % 0.8 % 0.06

PTV CSI 36Gy D95 ≥ 100 % 102.1 % 0.5 % 100.9 % 0.3 % 1.2 % 0.06

Body V18Gy (cc) 6966.9 1658.8 7244.8 1903.1 -3.8 % 0.02

BrainStem Dmax (Gy) < 55 Gy 55.6 0.4 56.5 1.4 -1.5 % 0.04

Cochleas Dmean (Gy) < 45 Gy 42.1 2.5 41.2 4.0 2.2 % 0.18

Esophagus Dmean (Gy) < 30 Gy 25.0 3.9 26.3 3.9 -4.9 % 0.01

Eyes Dmax (Gy) < 45 Gy 41.1 3.5 42.1 3.6 -2.4 % 0.10

Eyes Dmean (Gy) < 35 Gy 28.3 5.7 30.2 6.4 -6.4 % 0.09

Glnd_Submands
Dmean (Gy)

< 20 Gy 15.3 1.1 17.8 3.0 -14.1 % 0.01

Heart Dmean (Gy) < 10 Gy 10.2 1.3 12.4 2.5 -17.6 % 0.001

Kidneys Dmean (Gy) < 10 Gy 10.4 1.5 9.6 1.9 8.1 % 0.07

Larynx Dmean (Gy) < 25 Gy 21.0 2.9 21.3 4.8 -1.2 % 0.38

Lenses Dmax (Gy) < 15. Gy 20.6 7.2 23.2 9.5 -11.1 % 0.17

Lungs Dmean (Gy) < 10 Gy 9.7 3.7 9.7 3.4 0.4 % 0.46

OpticChiasm Dmax (Gy) < 55 Gy 51.2 4.4 50.9 4.1 0.4 % 0.31

OpticNerves Dmax (Gy) < 55 Gy 47.4 6.0 47.2 5.7 0.3 % 0.35

OralCavity Dmean (Gy) < 15 Gy 14.5 1.6 14.8 3.5 -1.8 % 0.37

Parotids Dmean (Gy) < 15 Gy 16.1 1.9 19.1 3.8 -15.9 % 0.003

Pituitary Dmax (Gy) < 60 Gy 52.5 4.8 52.4 4.6 0.1 % 0.43

SpinalCord Dmax (Gy) < 55 Gy 46.3 9.1 46.2 8.9 0.3 % 0.24

Thyroid Dmean (Gy) < 20 Gy 19.4 2.8 22.4 4.2 -13.5 % 0.0004

Ovaries Dmax (Gy) < 10 Gy 9.1 n/a 18.5 n/a -51.1 % n/a

Ovaries Dmean (Gy) < 5 Gy 3.3 n/a 3.3 n/a -1.5 % n/a
A p-value ≤0.05 was considered statistically significant (bold text).
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average and 5 minutes maximum. Combined with the developed

auto-contouring model, contouring normal tissues and preparing

the patient plan for optimization can be achieved in less than 15

minutes as compared to several hours when done manually. The

optimization loop script permitted autonomous optimization of the

CSI plan(s) without requiring planner intervention.

The developed APC for VMAT-CSI allows the physicist

performing the second check to readily review items that may be

detrimental to patient safety during treatment. Of the items that are

checked, verification of the dosimetric shifts between isocenters is

particularly important for VMAT-CSI as without this information,

the therapists will be missing important pieces of treatment delivery

instructions. This may necessitate last-minute shift calculations,

searching the treatment plan report documentation, etc., which can

be an error-prone process when under time pressure. In the

example provided in the Supplementary Material, the APC

recognized that the dosimetric shifts document was not found

and flagged it for review by the second checking physicist.

Significant improvements in multiple clinically relevant metrics

were observed for both sets of patient cohorts considered in this

study (12 Gy only and 36 Gy initial with 18 Gy boost) for the auto-

plans compared to the manual plans (Tables 2, 3). Due to these

improvements, the auto-plans were preferred by majority of

medical experts for 18 out of the 20 patients selected for this

study (90%) as highlighted in Figure 3. In the two remaining

cases, the majority of reviewers assigned them as equivalent (n=1)
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and manual plan preferred (n=1). For patient 2 in the 12 Gy cohort

all reviewers preferred the manual plan as the dose to the parotids,

globes, and lenses were slightly lower with the manual plan

compared with the auto-plan. However, the auto-plan dosimetric

indices for these structures were still below the acceptable threshold.

All 20 plans generated by the auto-planning scripts were deemed

clinically acceptable by all 3 reviewers. Of particular concern with

CSI treatments is intermediate-dose spill, which could result in

secondary malignancies later in life due to the large target volume.

To ensure tight conformity of the prescription dose to the target, the

developed auto-planning scripts prioritize body V50% using a ring

structure of 2 cm thickness and 1.5 cm margin from the target

structure. Compared to the manual plans, the auto-plans achieved

significant reductions in body V50% without sacrificing target

coverage or heterogeneity.

While substantial advancements were made toward automating

VMAT CSI treatment planning in this work, there were also several

limitations to the present study. First, the size of both the low-dose

(Rx dose = 12 Gy) and high-dose (36 Gy initial with 18 Gy boost)

patient cohorts was relatively small at 10 patients per dose regimen.

Second, the number of expert reviewers was relatively limited at three,

which may skew the blinded plan review results. While the sample

size of each CSI dose cohort was relatively limited for this work,

feedback mechanisms from dosimetry have been implemented into

our clinical practice to improve the accuracy and robustness of the

automated planning scripts as more patients are treated with this
FIGURE 3

Box plots on the left show the differences in achieved plan quality metrics between the auto-plans and manual plans for 12 Gy and 54 Gy CSI
cohorts. Parameters plotted in the left part of the graph show auto-plan superiority. Red shading denotes statistically significant differences. The
differences in PTV coverage and plan heterogeneity were not statistically significant. Plots on the right show the blinded plan review results by 3
experts: blue denotes auto-plan preference, gray denotes auto- and manual plan equivalency and red shows manual plan preference.
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technique. Third, the developed auto-planning scripts were built

using version 15.6 of Eclipse and all API functions and calls were

targeted at this version of ESAPI. There is no guarantee the scripts

will work for any other version of Eclipse, which may limit

widespread adoption of the scripts at other institutions. Future

work includes expanding the number of patients for each dosing

cohort to better understand the dosimetric differences between the

manual and auto-plans. However, the described process and

autoplanning software has been clinically implemented in the

authors institution given the positive initial results from this work

regarding efficiency and standardization improvements in VMAT-

CSI treatment planning without comprosing plan quality.
5 Conclusions

Significant reductions in contouring and planning time were

achieved without sacrificing plan quality using the developed auto-

planning process. The required time for contouring and planning

decreased from 5–6 hours (manual planning) to consistently

between 1–2 hours (auto-planning). Furthermore, statistically

significant improvements were achieved in OAR sparing using

the developed scripts. The auto-plans were marked as equivalent

or superior to the manual plans 88.3% of the time from the blinded

review by the three experts. The scripts and documentation are

publicly available on GitHub (https://github.com/esimiele/VMAT-

TBI-CSI) so other institutions can adopt the developed auto-

planning process into their own practice.
Data availability statement

The raw data supporting the conclusions of this article will be

made available by the authors, without undue reservation.
Ethics statement

Ethical approval was not required for the study involving

humans in accordance with the local legislation and institutional

requirements. Written informed consent to participate in this study

was not required from the participants or the participants’ legal

guardians/next of kin in accordance with the national legislation

and the institutional requirements.
Author contributions

ES: Conceptualization, Data curation, Formal analysis, Funding

acquisition, Investigation, Methodology, Project administration,

Resources, Software, Supervision, Validation, Visualization, Writing –

original draft, Writing – review & editing. IR: Conceptualization, Data

curation, Formal analysis, Funding acquisition, Investigation,
Frontiers in Oncology 10
Methodology, Project administration, Resources, Software,

Supervision, Validation, Visualization, Writing – original draft,

Writing – review & editing. J-YW: Conceptualization, Data curation,

Formal analysis, Funding acquisition, Investigation, Methodology,

Project administration, Resources, Software, Supervision, Validation,

Visualization, Writing – original draft, Writing – review & editing. YC:

Writing – review & editing, Data curation, Methodology, Software. YL:

Writing – review & editing, Data curation, Methodology. YS:Writing –

review & editing, Data curation, Methodology. LS: Writing – review &

editing, Methodology, Resources. YY: Methodology, Writing – review

& editing. LX: Writing – review & editing, Methodology, Resources,

Supervision. IG: Data curation, Investigation, Writing – review &

editing. SH: Methodology, Project administration, Resources,

Software, Supervision, Validation, Visualization, Writing – original

draft, Writing – review & editing, Conceptualization, Data curation,

Formal analysis, Funding acquisition, Investigation. NK:

Conceptualization, Data curation, Formal analysis, Funding

acquisition, Investigation, Methodology, Project administration,

Resources, Software, Supervision, Validation, Visualization, Writing –

original draft, Writing – review & editing.
Funding

The author(s) declare financial support was received for the

research, authorship, and/or publication of this article. Stanford

Cancer Center Clinical Innovation Fund Grant (EHBBD).
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found online

at: https://www.frontiersin.org/articles/10.3389/fonc.2024.1378449/

full#supplementary-material
frontiersin.org

https://github.com/esimiele/VMAT-TBI-CSI
https://github.com/esimiele/VMAT-TBI-CSI
https://www.frontiersin.org/articles/10.3389/fonc.2024.1378449/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2024.1378449/full#supplementary-material
https://doi.org/10.3389/fonc.2024.1378449
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Simiele et al. 10.3389/fonc.2024.1378449
References
1. Gajjar A, Chintagumpala M, Ashley D, Kellie S, Kun L, Merchant T, et al. Risk-
adapted craniospinal radiotherapy followed by high-dose chemotherapy and stem-cell
rescue in children with newly diagnosed medulloblastoma (St. Jude Medulloblastoma-
96): long-term results from a prospective.Multicentre Trial Lancet Oncol. (2006) 7:813–
20. doi: 10.1016/S1470-2045(06)70867-1

2. Packer R, Gajjar A, Vezina G, Rorke-Adams L, Burger P, Robertson P, et al. Phase
III study of craniospinal radiation therapy followed by adjuvant chemotherapy for
newly diagnosed average-risk medulloblastoma. J Clin Oncol. (2006) 24:4202–8.
doi: 10.1200/JCO.2006.06.4980

3. Pizer BL, Weston C, Robinson K, Ellison D, Ironside J, Saran F, et al. Analysis of
patients with supratentorial primitive neuro-ectodermal tumours entered into the
SIOP/UKCCSG PNET 3 study. Eur J Cancer. (2006) 42:1120–8. doi: 10.1016/
j.ejca.2006.01.039

4. Lannering B, Rutkowski S, Doz F, Pizer B, Gustafsson G, Navajas A, et al.
Hyperfractionated versus conventional radiotherapy followed by chemotherapy in
standard-risk medulloblastoma: results from the randomized multicenter HIT-SIOP
PNET 4 trial. J Clin Oncol. (2012) 30:3187–93. doi: 10.1200/JCO.2011.39.8719

5. Hiniker SM, Agarwal R, Modlin LA, Gray CC, Harris JP, Million L, et al. Survival
and neurocognitive outcomes after cranial or craniospinal irradiation plus total-body
irradiation before stem cell transplantation in pediatric leukemia patients with central
nervous system involvement. Int J Radiat Oncol Biol Phys. (2014) 89:67–74.
doi: 10.1016/j.ijrobp.2014.01.056

6. Mayadev JS, Douglas JG, Storer BE, Appelbaum FR, Storb R. Impact of cranial
irradiation added to intrathecal conditioning in hematopoietic cell transplantation in
adult acute myeloid leukemia with central nervous system involvement. Int J Radiat
Oncol Biol Phys. (2011) 80:193–8. doi: 10.1016/j.ijrobp.2010.01.062

7. Chen J, Chen C, Atwood TF, Gibbs IC, Soltys SG, Fasola C, et al. Volumetric
modulated arc therapy planning method for supine craniospinal irradiation. J Radiat
Oncol. (2012) 1:291–7. doi: 10.1007/s13566-012-0028-9

8. Ajithkumar T, Horan G, Padovani L, Thorp N, Timmermann B, Alapetite C, et al.
SIOPE–Brain tumor group consensus guideline on craniospinal target volume
delineation for high-precision radiotherapy. Radiother Oncol. (2018) 128:192–7.
doi: 10.1016/j.radonc.2018.04.016
Frontiers in Oncology 11
9. Hernandez S, Nguyen C, Parkes J, Burger H, Rhee Joo Netherton D T, et al.
Automating the treatment planning process for 3D-conformal pediatric craniospinal
irradiation therapy. Pediatr Blood Cancer. (2023) 70:e30164. doi: 10.1002/pbc.30164

10. Wang X, Li C, Li G, Zhao J, Bai S. A script-based automatic intensity modulated
radiation therapy planning method with robust optimization for craniospinal
irradiation. Pract Radiat Oncol. (2023) 13:e209–15. doi: 10.1016/j.prro.2022.08.015

11. Zhang Y, Huang Y, Lin J, Ding S, Gong X, Liu Q, et al. Multi-isocenter VMAT
craniospinal irradiation using feasibility dose-volume histogram-guided auto-planning
technique. J Radiat Res. (2023) 64:612–21. doi: 10.1093/jrr/rrad026

12. Kovalchuk N, Simiele E, Skinner L, Yang Y, Howell N, Lewis J, et al. The stanford
volumetric modulated arc therapy total body irradiation technique. Pract Radiat Oncol.
(2022) 12:245–58. doi: 10.1016/j.prro.2021.12.007

13. Simiele E, Skinner L, Yang Y, Blomain E, Hoppe R, Hiniker S, et al. A step toward
making VMAT TBI more prevalent: automating the treatment planning process. Pract
Radiat Oncol. (2021) 11:415–23. doi: 10.1016/j.prro.2021.02.010

14. Liu S, Bush K, Bertini J, Fu Y, Lewis J, Pham D, et al. Optimizing efficiency and
safety in external beam radiotherapy using automated plan check (APC) tool and six
sigma methodology. J Appl Clin Med Phys. (2019) 20:56–64. doi: 10.1002/acm2.12678

15. Riggs BL, Melton LJ III, Robb RA, Camp JJ, Atkinson EJ, Peterson JM, et al.
Population-based study of age and sex differences in bone volumetric density, size,
geometry, and structure at different skeletal sites. J Bone Mineral Res. (2004) 19:1945–
54. doi: 10.1359/jbmr.040916

16. Chang HP, Kim SJ, Wu D, Shah K, Shah DK. Age-related changes in pediatric
physiology: quantitative analysis of organ weights and blood flows: age-related changes
in pediatric physiology. AAPS J. (2021) 23:1–15. doi: 10.1208/s12248-021-00581-1

17. Qiu W, Zhang W, Ma X, Kong Y, Shi P, Fu M, et al. Auto-segmentation of
important centers of growth in the pediatric skeleton to consider during radiation
therapy based on deep learning. Med Phys. (2023) 50:284–296. doi: 10.1002/mp.15919

18. Adamson PM, Bhattbhatt V, Principi S, Beriwal S, Strain LS, Offe M, et al.
Evaluation of a V-Net autosegmentation algorithm for pediatric CT scans:
Performance, generalizability, and application to patient-specific CT dosimetry. Med
Phys. (2022) 49:2342–54. doi: 10.1002/mp.15521
frontiersin.org

https://doi.org/10.1016/S1470-2045(06)70867-1
https://doi.org/10.1200/JCO.2006.06.4980
https://doi.org/10.1016/j.ejca.2006.01.039
https://doi.org/10.1016/j.ejca.2006.01.039
https://doi.org/10.1200/JCO.2011.39.8719
https://doi.org/10.1016/j.ijrobp.2014.01.056
https://doi.org/10.1016/j.ijrobp.2010.01.062
https://doi.org/10.1007/s13566-012-0028-9
https://doi.org/10.1016/j.radonc.2018.04.016
https://doi.org/10.1002/pbc.30164
https://doi.org/10.1016/j.prro.2022.08.015
https://doi.org/10.1093/jrr/rrad026
https://doi.org/10.1016/j.prro.2021.12.007
https://doi.org/10.1016/j.prro.2021.02.010
https://doi.org/10.1002/acm2.12678
https://doi.org/10.1359/jbmr.040916
https://doi.org/10.1208/s12248-021-00581-1
https://doi.org/10.1002/mp.15919
https://doi.org/10.1002/mp.15521
https://doi.org/10.3389/fonc.2024.1378449
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

	Automated contouring, treatment planning, and quality assurance for VMAT craniospinal irradiation (VMAT-CSI)
	1 Introduction
	2 Methods
	2.1 Auto-contouring
	2.1.1 Training and test data
	2.1.2 Auto-contouring model architecture and training details
	2.1.3 Auto-contouring evaluation metrics

	2.2 Auto-planning
	2.2.1 Architecture
	2.2.2 Evaluation

	2.3 Auto-plan checking
	2.3.1 Automated Plan Checker (APC)
	2.3.2 Robustness evaluation


	3 Results
	3.1 Auto-contouring
	3.1.1 Auto-contouring workflow
	3.1.2 Auto-contouring evaluation

	3.2 Auto-planning
	3.3 Auto-plan checking
	3.3.1 Automated Plan Checker (APC)
	3.3.2 Robustness evaluation


	4 Discussion
	5 Conclusions
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


