J Digit Imaging (2014) 27:108-119
DOI 10.1007/s10278-013-9633-4

Development of a Software for Quantitative Evaluation
Radiotherapy Target and Organ-at-Risk

Segmentation Comparison

Jayashree Kalpathy-Cramer - Musaddiq Awan -
Steven Bedrick - Coen R. N. Rasch - David 1. Rosenthal -
Clifton D. Fuller

Published online: 17 September 2013
© Society for Imaging Informatics in Medicine 2013

Abstract Modern radiotherapy requires accurate region of
interest (ROI) inputs for plan optimization and delivery. Tar-
get delineation, however, remains operator-dependent and
potentially serves as a major source of treatment delivery
error. In order to optimize this critical, yet observer-driven
process, a flexible web-based platform for individual and
cooperative target delineation analysis and instruction was
developed in order to meet the following unmet needs: (1)
an open-source/open-access platform for automated/
semiautomated quantitative interobserver and intraobserver
ROI analysis and comparison, (2) a real-time interface for
radiation oncology trainee online self-education in ROI defi-
nition, and (3) a source for pilot data to develop and validate
quality metrics for institutional and cooperative group quality
assurance efforts. The resultant software, Target Contour
Testing/Instructional Computer Software (TaCTICS), devel-
oped using Ruby on Rails, has since been implemented and
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proven flexible, feasible, and useful in several distinct analyt-
ical and research applications.

Keywords Segmentation - Imaging informatics - Image
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Introduction

External beam radiotherapy aims to treat tumor and at-risk
tissues to doses sufficient to eliminate all viable cancer cells
within a specific target volume (TV) [1]. Unfortunately, dose
coverage of TVs, as either gross tumor volumes or areas
harboring subclinical microscopic tumor clonogens (clinical
TV), is substantially complicated technically by the fact that
these regions of interest (ROIs) often abut radiosensitive
organs-at-risk (OARs). Excessive radiation dose to OARs
may lead to deleterious sequelae [1-4]. Thus, a cost-benefit
relationship between delivering tumoricidal dose to TVs while
maintaining safe doses to OARSs is a critical calculation in any
radiotherapy plan [4]. Ideally, dose would conform exactly to
TVs, while failing to infringe on adjacent OARs; practically,
this is almost never possible.

Technical innovation has potentiated a new era in radio-
therapy. Beginning in the late 1980s, the rise of widely avail-
able 3D imaging (specifically, computed tomography [CT]
simulation) birthed conformal radiotherapy approaches with
a spatial resolution of radiotherapy delivery technically im-
possible (outside of intracranial stereotactic applications) even
a decade prior [5—7]. The further technical advancement of
computing capacity enabled intensity modulated radiotherapy
(IMRT) [8], a method by which dose can be further sculpted to
conform to TVs using optimization algorithms to select beam
weightings consistent with OAR/TV cost-benefit inputs [9].
Finally, the last decade has also seen, through improved
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image-guided radiotherapy (IGRT) technology and practices
[10-12], a reduction in the margins required to ensure geo-
metric coverage due to either internal target motion (repre-
sented by the internal TV) or setup and immobilization error
margin (conceptualized as the planning TV) [13].

Despite this progress, at the level of treatment planning, the
process remains heavily user-dependent and variable. The
process of radiotherapy treatment planning begins in most
cases with the acquisition of a CT dataset, which is then
transferred to an FDA-approved treatment planning software
(TPS) as a Digital Imaging and Communications in Medicine
(DICOM) file. The resultant images are then reconstructed
within the TPS for TV delineation. Physician users then
manually designated voxels as named ROIs corresponding
to TVs or OARs [14]. These ROIs are then used as the primary
inputs for all subsequent portions of radiotherapy planning,
from beam selection and optimization to plan quality analysis
and assurance. After both the decision to treat and the dose
prescription, the time-consuming patient-specific process of
target delineation is the most critical portion of physician
treatment planning.

However, despite the pivotal nature of target definition,
data suggest that it may be the major source of radiotherapy
treatment error [15]. Data from a host of anatomic sites sug-
gest that TV delineation variability results in variability suffi-
cient to potentially alter clinical outcomes for individual pa-
tients [16, 17]. Additionally, variation in interobserver target
definition may potentially obviate results of cooperative group
clinical trials using IMRT or IGRT approaches [16, 18, 19]. In
fact, the largest domestic cooperative clinical trialist group has
deemed target delineation standardization as “[m]ost critical”
in order to “incorporate intensity-modulated radiation therapy
and IGRT techniques into the standard of care used in national
clinical trials” [20].

Data suggest that specific educational interventions may
serve to improve performance in manual target delineation.
Examples exist of didactic and workshop-based educational
efforts that demonstrate detectable improvement in trainee
performance [21-23]. Additionally, the development and val-
idation of atlas-based consensus guidelines have demonstrat-
ed some capacity for the standardization of target definition
(though this appears to vary by tissue site) [16, 22, 24-31].

Complicating these efforts is the fact that, until recently,
few noncommercial tools existed for ROI-based atlas devel-
opment or quantitative ROI comparison [32-35]. However,
several groups have lately developed a series of tools for
central collection, atlas development, and ROI analysis. For
example, the Netherlands Cancer Institute group has previ-
ously developed and implemented “Big Brother” [33-35], a
self-contained software GUI that collects task-specific ergo-
nomic data regarding the totality of the target delineation
process, affording exceptional informatics insight into the
mechanics and process of target delineation. Data from Big

Brother can then be used to create multiuser composite ROIs
for consensus development or interobserver ROI comparison
[16, 36, 37]. Likewise, Multicentric In Silico Trials In Radio-
therapy (MISTIR) is a developed resource allowing pre-
execution clinical trial evaluation, with an impressive infra-
structure allowing multisite ROI data contribution and central
ROI quality assurance [38].

However, we noted that, while TPS systems often had
impressive tools for manual segmentation, multisite trials
should ideally use software platforms that are “manufacturer
agnostic,” since various clinical sites use different commercial
TPS platforms; consequently, universal DICOM RT import—
export capability was required. In the past, cost and accessi-
bility to the end user has been a significant impediment to
groups in software selection, thus an open-access/open-source
solution was desired (in contrast to commercial vendor-
supplied software or access-restricted academic platforms).
Another specific limitation of most extant technologies for
multisite ROI delineation analysis and segmentation compar-
ison for educational applications was the lack of real-time or
near real-time qualitative and quantitative feedback. In our
execution of a previous study of target delineation interven-
tion [16], participants would frequently inquire as to their
relative performance vis-a-vis other users and/or reference
experts. However, by the time central analysis was performed
(often weeks later), recollection of their personal contouring
experience by users was often obscured by the passage of
time. Additionally, there was a reported desire by trainee
participants to have the opportunity to “recontour” over time
to track improved correlation with expert contours.

These experiences, as well as our previous research efforts,
led to identification of the following unmet needs:

* A web-based platform for automated/semiautomated
quantitative interobserver and intraobserver ROI analysis
and comparison;

* A real-time interface for radiation oncology trainee online
self-education in ROI definition;

* A collection of pilot data to develop and validate quality
metrics for institutional and cooperative group quality
assurance efforts.

To this end, an application was submitted to the Society of
Imaging Informatics in Medicine (SIIM) Product Develop-
ment Grant mechanism to create open-access, open-source,
ROI analysis software capable of:

» providing instructional feedback to end users at multiple
institutional sites (e.g., professional skill development),

* implementing multiuser rubrics for quality assurance (e.g.,
atlas development for clinical trials),

+ testing baseline competency of end users in target delin-
eation tasks (e.g., longitudinal learner instruction, clinical
trial credentialing),
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+ and delivering real-time dynamic feedback of user ROIs
with other user-derived or expert-derived ROIs (e.g., on-
line resident self-assessment and learning).

With generous funding support from SIIM, we have
constructed and implemented Target Contour Testing/
Instructional Computer Software (TaCTICS), a novel soft-
ware platform for TV and OAR analysis. The specific aim of
the current manuscript is to report on the structure and initial
implementation of the TaCTICS software.

Materials and Methods
Approval and Compliance

Institutional Review Board (IRB) approval as an exempt, 45
CFR 46.101(b)(4)(39)-compliant study was obtained,
allowing the collection of anonymized DICOM files. Clinical
datasets were anonymized and stripped of all 45 CFR
46.101(b)-specified identifiers, and fictionalized case histories
were constructed for all resultant efforts detailed herein.

Software Structure

The system is built using a Ruby on Rails framework. We
currently use a PostgreSQL database to store user information,
information about the studies including location of the CT
slices, information extracted from the DICOM header includ-
ing names, volumes, and slice information for the structures,
and metrics derived from all users. However, any relational
database could be used, depending on the needs and require-
ments of the user. We utilized the ruby-dicom gem for parsing

Fig. 1 TaCTICS training
program system design

the DICOM files. The main processing of the structures and
calculation of the metrics was performed in C++ using the ITK
toolkit [39]. These procedures were wrapped in Ruby and
called from the website to generate the report. The flow of data
and user interaction for the system is given in Fig. 1.

Configuring the System Since the system is developed in
Ruby on Rails, it is a fully functional web application and is
implemented in a manner similar to other Rails applications. A
system administrator can configure the system for a particular
study. The first step is to select and upload the appropriate CT
studies (after acquiring the necessary IRB approval). Short
case scenarios and instructions are typically uploaded at this
stage. Next, the desired metrics (for a description of the
available metrics, see the succeeding paragraphs) are selected.
Finally, the structure, content, and format of the report are
customized. The report can include the metrics, histograms,
thumbnails of images, and explanations of the tables and
graphs. The generic website contains templates for the website
but the look and feel can be easily customized to meet the
needs for different study protocols.

User Experience (Front End) The “Home” page of the
website is configured to describe the present study pro-
tocol (Fig. 2). The first step in the case of a new user is
registration (Fig. 3). The user registers on the website for
a particular study or is given a login and a password by
a system administrator. In the case of self-registration,
the user enters details requested by the study (name,
organization, contact information, etc).

After a user logs in to the system, they can download
the studies associated with the protocol as well as any
atlases relevant to the study at hand (Fig. 4). Typically, a

Collection of CT Register/Get
Studies and Password
Contours from J,
Multiple Download
Sites/For Expert DICOM CT Slices
Users

Contour Using

Convert RT Cre?te ZiPped Usual TPS
Structures to Studies Without Software
Masks Contours for
Download
Calculate Upload RTSTRUCT File
Overlap Containing Structures and
Measures Choose Expert/STAPLE
!
Update
Statistics of Receive
Overlap Report
Measures
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Target Contour Testing/Instructional
Computer Software (TaCTICS)

Registration

TaCTICS Overview

closely as possible.

Instructions

Select the anatomical site and download the data. T

Export the RTSTRUCT file.
Upload the RTSTRUCT file at the submission page.

e

-~

Download Data | Submission

TaCTICS is an instructional software for radiation therapy target volume delineation

We have obtained contours (RT-structures) for different sites including Lung, Liver,
Prostate, and Head and Neck from experts. The goal is to match the expert's contour as

Comparisons Publications

. Register at the registration page. If you have previously registered, log on.
3 data is available as zipped DICOM images.
Contour the structures using your favorite treatment planning system.

. Select the correct anatomical site (template study) and reference that you want to compare against.
. Finally, you should get an e-mail with your report within a few minutes

Home | Registration | Download Data) Submission Site| Comparisons | Publications

2010 Copyright © OHSU Department of Medical

Fig. 2 Home page of the TaCTICS site

study consists of a zipped file containing the CT slices.
Additional information about the study, such as a case
scenario and instructions, can be also downloaded at the
same time. The users can then upload the CT slices into
their preferred TPS and contour the study per the proto-
col. Finally, the resulting DICOM RTSTRUCT file is
exported from the TPS.

The next step in the process is “submission” (Fig. 5). The
user provides their login and selects the appropriate study. The
DICOM RTSTRUCT file can be uploaded at this stage. Once
the file has been processed (typically a few minutes), the users
are e-mailed a report containing all the desired metrics, histo-
grams of all the corresponding metrics available in the system
with their contour sets highlighted, as well as thumbnails of
CT slices with their ROIs and those of the expert/comparison
ROIs overlaid. An example for a right parotid contour from a
head and neck dataset is shown below in Fig. 6 (top). Users
can also identify their relative graphical location on a histo-
gram of all user agreement for a particular contour (Fig. 6
(bottom), red highlighted region) and, subsequently, by their
relative histogram position, judge visually as well as

nform

natics & Clinical Epidemiology

numerically their agreement with a reference ROI set. Alter-
natively, the user can select another expert user ROI or
consensus/composite ROI for comparison.

As illustrated in the system design diagram, the back end of
the system consists of a relational database. The users, studies,
contours, and metrics are stored in the database. Each time a
new DICOM RTSRUCT file is uploaded, the system makes a
call first to the C++ executable to parse the RTSTRUCT file
into a set of NifTI [40] files, each containing a binary mask
representing the structure. Subsequently, when the user wishes
to perform comparisons, other C++ executables are called to
perform the comparisons.

The software in its current version is available for down-
load and end user modification at https://github.com/kalpathy/
tacticsRT.

Available Metrics

A number of statistical ROI segmentation analytic metrics have
been used to describe the conformity of TVs generated by two

@ Springer


https://github.com/kalpathy/tacticsRT
https://github.com/kalpathy/tacticsRT

112

J Digit Imaging (2014) 27:108-119

Fig. 3 User registration interface

Target Contour Testing/Instructional
Computer Software (TaCTICS)

[ T
Home Registration Download Data | Submission | Comparisons Publications
Site

New Users, please register here:

Your organization

Your primary area of ressarch

How did you learn about TaCTICS?

Your webslte (optional)

Your password:*

Ploase retype your password:*

Home

observers or between an observer and a consensus or gold
standard. Some of the most commonly used metrics include
those based on volumes, spatial overlap in 2D and 3D, and
surface distances. The utility and biases in each specific measure
depend on the shape and volumes of the ROIs. The following
provides an explanation of these individual metrics that are
available in the current iteration of TaCTICS.

Volumetric Difference

The volumetric difference (VD) is defined as:

VT

g

VD 100

@ Springer
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where V, is the volume of the user-derived contour and V', is the
volume of the “gold standard” (or the expert-derived contour).
As this measure is independent of the spatial locations of the
respective volumes, this measure does not address discrepancies
resulting from a lack of overlap between the volumes. Addi-
tionally, a single pixel/voxel variation between the contours can
lead to substantially higher numbers when the volumes are
small. Thus, this measure is rarely used in isolation.

Dice/Jaccard Coefficients

The Dice [41] and Jaccard [42] coefficients (or Tanimoto [43,
44]) are commonly used measures of spatial overlap, espe-
cially for binary labels. Consider Fig. 7 in which 4 is the user
contour and G 1is the gold standard.



J Digit Imaging (2014) 27:108-119 113

Fig. 4 DICOM file download

interface
Target Contour Testing/Instructional
Computer Software (TaCTICS)
Comparisons Publications
TaCTICS Downloads
Download DICOM Images
i}-j 'l* cn:rr\founng Instructions
Atlases are avallable here:
Ates 3
Aten 5
Home L " ‘ Data Site; Comp
The Dice and Jaccard coefficients are defined as: The FPD is measure of voxels that are labeled positive (i.e.,
2ANG 1) by the user but not the expert, while the FND is a measure
D= g % 100 of the voxels that were considered positive according to the
4] +16] expert but missed by the user being evaluated.
ANG
g < 2find]
)
. FND = —— - x 100
As defined, both of these measures are symmetric. How- 4] + |G|
ever, in situations where one might desire a higher cost for
missing the tumor (such as contouring for radiation oncology), ) ’ ANG
false-positive Dice (FPD) and false-negative Dice (FND) _ ‘
FPD = x 100
measures can also be used. 4] + |G|

Fig. 5 DICOM RT-STRUCT
submission interface

Target Contour Testing/Instructional
Computer Software (TaCTICS)

Please submit your RTSTRUCT file here:

Your login

What anatomical site are you

Filo to Upload

Choose File | No e

Upload
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Slice index: 57.5 "user2" -> red, "expertCan" -> green

3. Result (R_Parotid vs R_Parotid):
Dice Coefficient: 0.592309

Histogram

Fig. 6 Top example of the comparison of a user contour (red) with an
expert contour set (green ) of the right parotid gland on an individual slice.
Bottom quantitative histogram showing the relative performance of the
user (red) to other users in the dataset

The Dice coefficient is sensitive to the volume of the tumor
in that, again, a few pixel/voxel differences between the
contours can result in low Dice coefficients in small tumors.

Hausdorff Distance

Unlike the region-based approaches given previously, surface
distance metrics are derived from the contours or the points
that define the boundaries of the objects. The Hausdorff
distance (HD) is commonly used to measure the distance
between point sets defining the objects [43]. The HD between
A4 and G, h(4,G) is the maximum distance from any point in
A to apoint in G and is defined as:

h(4,G) = max (d(a,G))

where:
d(a,G) = min [la—g|
geG

@ Springer
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Fig. 7 Observer (4) and gold standard (G) regions of interest for
illustration of overlap metrics

The symmetric HD is given as:

H(A,G) = max(h(4,G),h(G,A4))

The HD is merely a function of the surface distance between
the contours and is independent of the size of the volumes
being contoured. The HD, although commonly used, is highly
susceptible to outliers resulting from noisy data. Thus, more
robust versions of this measure have been developed. A com-
monly used approach is the 95 % HD where 5 % of the outliers
are discarded in identifying the surface distance [45-47].

Our base system has the capacity to calculate all of the
previously described measures (volume difference, Dice coef-
ficient, Jaccard coefficient, FPD and FND, and the 95 % HD)
from submitted DICOM RTSTRUCT ROIs; however, the sys-
tem can be configured by the system administrator to utilize one
or more of these, depending on the aim of the application.

In addition to providing metrics of conformance between
user-delineated ROIs, the system can also be used to devel-
op consensus atlases by incorporating the contours from a
number of observers (typically five to seven) using the
method proposed by Warfield et al. [48]. The Simultaneous
Truth and Performance Level Estimation (STAPLE) is an
expectation—maximization algorithm that computes a prob-
abilistic estimate of a “ground truth” segmentation given a
set of manual reference contours. The system can be con-
figured to create an additional set of “ground truth” con-
tours using the STAPLE algorithm.

Results

After website construction, an initial beta version was created
for use with existing previously reported datasets [16]. Initial
ROI analysis testing capability was performed using evalua-
tive metrics (vide supra) on an existing dataset of rectal cancer
TV ROIs. Our data confirm the results of the initial analysis
(e.g., TV atlas use resulted in detectable alteration in TV
delineation which more closely approximated expert and mul-
tiuser composite ROIs) [16].
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Having demonstrated the ROI analysis capacity of TaC-
TICS in an existing multi-institutional dataset, we have sub-
sequently used TaCTICS in the initial pilot phase of a project
designed to create a usable atlas for thymic malignancies. The
International Thymic Malignancy Interest Group has recently
created a series of guidelines regarding best practices for the
management of thymic neoplasms [49]. As part of this effort,
we have sought to provide technical support using TaCTICS.
At this time, a pilot case has demonstrated the feasibility of
TaCTICS for multi-institutional data collection and STAPLE
consensus ROI generation, with data presentation at a scien-
tific congress [50]. Our plans call for three to four additional
cases to be included using multimodality imaging inputs, with
possible subsequent expert atlas generation to follow.

A prospective interinstitutional implementation for consen-
sus ROI generation has also been completed as part of an
evaluation of contouring practices for stereotactic body radio-
therapy [51]. Several expert user-derived OAR ROIs were used
to create a composite ROI (Fig. 8) for comparing trainee and
expert (Fig. 9) manual segmentation of brachial plexus ROlIs, as
well as similar analyses for tumor and cardiac ROIs (not shown).

Within the context of this study, a majority observer com-
posite ROI, as well as a STAPLE composite ROL, was created
using expert-defined ROIs (Fig. 9) and used as a formal com-
parator for novice users with access to an OAR atlas document.
The resultant data were then used to compare OAR agreement.
Data from this effort have been selected for conference presen-
tation, with manuscript preparation under way [51]. A sample

[CJUser 4

Fig. 8 Screen capture of axial, coronal, and sagittal slices, showing brachial plexus ROIs from four expert users

table showing calculated metrics comparing expert user brachi-
al plexus ROI to the STAPLE composite set is seen in Table 1.

A second single-site study has also been performed, exam-
ining the effect not only of atlas implementation, but also of
the utility of TaCTICS to provide real-time feedback using a
credentialing model. In this study, radiation oncology resi-
dents were asked to contour OAR ROIs on a test case using
their current personal practices. The residents were then given
electronic atlas-based resources, as well as access to reference
ROIs. Contours outside the reference and a predetermined
margin could then be reviewed by the resident who could then
assess whether their ROIs conformed to expected ROlIs,
exceeded a judicious safety margin (“caution” ROI), or fell
outside an acceptability margin (“flagged” ROI). Data from
this series have been accepted for conference presentation
[52], with manuscript submission in progress.

Discussion

As noted previously, target delineation optimization remains
an clusive, though important, goal. In an effort to create an
open-access, open-source solution, the TaCTICS software, as
detailed previously, serves as an effective mechanism for
multiple radiotherapy-related applications for a variety of
stakeholders.

For educational institutions, TaCTICS may be readily
implemented to serve as a repository for “teaching cases,”
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aoritv consensus (3/4

Fig. 9 Axial slices showing overlaid multi-expert ROIs (/eft), STAPLE composite (middle), and majority (right) consensus composite ROIs of brachial

plexus ROI

with the added value that novice radiation oncologists might
then have the capacity to recontour cases in order to self-
assess agreement with attending TVs and OARs [21]. While
visual inspection of overlapping ROIs is possible with com-
mercial TPS platforms, the lack of a quantitative feedback
feature (as in TaCTICS) limits the capacity for “self-scoring.”
Though attending instruction one-on-one with a resident care-
fully assessing each ROI slice-by-slice is ideal, the real-time

feedback afforded by the ability to assess ROIs visually in
TaCTICS, as well as by the numeric (Dice) score, gives
TaCTICS a natural potential for practice quality improvement
efforts in academic radiotherapy departments [21]. Addition-
ally, the price structure (free open-source) is appropriate for
cash-strapped academic departmental budgets.

For cooperative groups, TaCTICS has potential added val-
ue as well. Cooperative groups have recognized the need for

Table 1 Metrics calculated by TaCTICS comparing expert brachial plexus agreement metrics as calculated by TaCTICS for ROI contours (see Fig. 9,

left) to a reference STAPLE composite ROI (e.g., Fig. 9, middle)

User Comparison set Jaccard coefficient Dice coefficient FND FPD HD Hausdorff average distance
Expert A STAPLE 0.30 0.46 0.41 0.62 18.17 1.80
Expert B STAPLE 0.90 0.95 0.10 0.00 5.00 0.07
Expert C STAPLE 0.26 0.42 0.59 0.58 22.38 2.45
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anatomic or trial-specific atlas generation [16, 24, 25, 28, 29,
53]. As such, many clinical trials will likely include a custom-
ized “study atlas” defining TV and OAR ROI parameters in an
effort to standardize IMRT/IGRT applications [26, 29, 37, 54,
55]. TaCTICS provides the capacity for composite ROI gen-
eration using probabilistic coverage, majority voting, or
ground truth estimation by STAPLE. Further, cooperative
groups might potentially use features of TaCTICS for pretrial
quality assurance, much in the manner of a “dummy run” [56,
57]. In this scenario, a test case and instructions would be sent
to potential IMRT/IGRT trial participants. Resultant ROIs
could then be compared to an expert composite standard. If
a majority of users fail to contour ROIs within a prespecified
conformance level or show systematic ROI variation in a
meaningful manner, protocol modification (e.g., atlas inclu-
sion, improved contouring instructions) might be employed.
Alternatively, once instructions are codified, TaCTICS might
be used to “flag” users who fail to contour within a
prespecified range of ROIs on the test case [52]. One possible
application is a “user-credentialing” step similar to that used to
perform IMRT phantom quality assurance for dose delivery
for current cooperative group trials [58, 59]. Additionally,
contours derived from autosegmentation algorithms could
feasibly be uploaded into the system and validated versus an
expert set of contours for OARs or tumor volumes.

Conclusions

In sum, our software has thus far demonstrated the capability
for multiuser manually segmented ROI statistical analysis
using a variety of metrics, to have the capacity for consensus
ROI generation, and to be feasible for both intra-institutional
and interinstitutional implementation in an accessible open-
source platform. Already, several resultant prospective proto-
cols are in various phases of inception, execution, and presen-
tation. It is our hope that, by making our application and code
available, end users will also choose to add their own custom-
ized modification to the software, serially improving the abil-
ity of TaCTICs to meet the individual practical or research
needs of the radiotherapy community.
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