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This paper is dedicated to the
memory of Victoria LaCerba, CMD,
who pioneered the very first Plan
Challenge to facilitate the sharing of
knowledge regarding radiation
therapy planning.

INTRODUCTION
The Importance of Defining Critical Volumes in Modern Radiation Treatment Planning

Modern radiation therapy requires treatment planning that is highly customized to the three-dimensional (3D)
virtual model for each patient’s anatomy. The virtual patient model is based on image sets such as computed
tomography (CT) and magnetic resonance (MR), and sometimes complemented with functional imaging
techniques such as positron emission tomography (PET)1-3. Critical volumes – which can be subdivided into
target volumes and organs-at-risk (OAR) – are defined by drawing contours on the image planes, which are
then used by clinicians to design treatment plans.

Continual advancements in delivery capability – such as intensity-modulated radiation therapy (IMRT),
rotational therapy, particle/proton therapy, and stereotactic radiosurgery – combined with TPS inverse-
planning optimization engines, has enabled dose planning to become even more highly conformal to the 3D
targets and OARs. This has allowed physicians to design per-patient dose delivery with unprecedented
customization and complexity, which in turn enables prescription dose escalation, as surrounding sensitive
tissues can often be spared due to the shaped dose gradients. In light of this, accurately defining the virtual
patient – that is, the 3D model used by the TPS during optimization – is ever more critical.

More recently, planning and delivery technologies have emerged to control dose to moving targets (intra-
fractional motion) and to anatomy that changes over time (inter-fractional changes), both of which could fall
under a broader topic often called Adaptive Radiation Therapy (ART)4-5. A common form of ART is to adjust
treatment parameters during the course of treatment because the virtual model of that patient changes – for
example a tumor may shrink or the patient may lose weight or swell causing topography changes significant
enough to alter the dose estimation6. Such changes can be assessed using on-board volumetric image-guided
radiation therapy (IGRT) that acquires patient images over the entire course of fractionation7.

If we examine the modern technologies mentioned so far – IMRT, particle therapy, IGRT, ART – we can see that
in order to reach their potential, each relies on the accuracy of the virtual patient model. Stated another way,
even the most sophisticated modern radiation therapy will not succeed (and in fact may introduce higher risk
of misadministration of dose) if the original anatomic structures are not accurately defined. In fact, highly
conformal dose delivery combined with inaccuracy in anatomy contouring could be very problematic in light of
dose escalation and shrinking margins.

How Organs-at-Risk Are Defined

There are many software tools available that allow users to import medical images and define OAR contours
manually (by tracing lines by hand using a computer mouse or other digitizing tools) or automatically (using
software algorithms that rely on image density gradients or interpolation between periodic manual contours).
More recent autosegmentation strategies employ computerized anatomy models, or atlases, that introduce a
priori intelligence about the general shape, size, and location of organs.8 However, despite the importance of
OAR contouring and potential sources of error/variation, as of yet there is no recommended or enforced
Quality System to help ensure accuracy and consistency in anatomy contouring.

Variation in OAR Contouring

Table 1 summarizes the metrics of inter-clinician variability in contouring six common anatomy OARs for a given
CT image set. All three metrics shown in Table 1 produced the same order of most variable OAR to least variable
OAR, with that order being: (most variable) brainstem, left parotid, right parotid, spinal cord, mandible, and brain
(least variable). Four of the six OARs had significant variability (with mean accuracy metric scores of less than
70.0 out of 100.0, mean Dice Coefficients of less than 0.80, and coefficients of variation of volume of 0.200 and
above). The brain was the lowest variable OAR (mean accuracy metric score 97.3 out of 100.0, mean Dice
Coefficient of 0.983, and coefficient of variation of the volume of 0.028) followed by the mandible
(78.0/0.871/0.156).

Figure 4 shows the distribution of total volume for each OAR population, and Figure 5 shows the distribution of
OAR accuracy quantified by the linear penalty DTA metric score. Again, considering all OARs were outlined based
on the identical CT image set, there is obvious variability over the OARs defined by different clinicians, except for
the brain which was very similar over all datasets.

CONCLUSIONS
There was significant variability in the anatomy contours defined by a population of clinicians for critical organs-
at-risk based on a common CT dataset. In this study of head/neck OARs, the most variable organs were the
brainstem, left parotid, and right parotid. Next most variable were the spinal cord and mandible. Least variable
was the brain.

The dosimetric impact of OAR contouring variation was estimated by overlaying the fixed reference OARs onto
each dose grid that was optimized according to that planner’s OARs and quantifying the differences in key
dosimetric values (i.e. what the reference OARs produce vs. what the each planner expected based on their own
contoured OARs). The resulting differences in mean and max dose per critical OAR could be large, depending on
the degree of the contour differences and the dose gradients in the plan.

Therefore, given the effects of variation in anatomy contouring seen here, it is important to consider future
studies on the design and validation of Quality Systems for Anatomy Contouring (QSAC), with the goals being to
increase accuracy and decrease variation in the contouring of critical volumes.
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Purpose: Anatomy contouring is critical in the workflow of per-patient customized radiation therapy. Inaccuracy
and variability in defining critical volumes will affect everything downstream: treatment planning, DVH metrics,
and contour-based visual guidance used in IGRT. This study quantifies: 1) variation in the contouring of organs-
at-risk in the head/neck; and 2) the corresponding effects on dosimetric metrics of highly conformal plans.
Methods and Materials: A common head/neck CT dataset with pre-defined targets was submitted to ~100
institutions for them to: 1) contour organs-at-risk (OAR) and 2) design an IMRT Plan. The received data (Plans,
Structures, Dose) were filtered by plan quality to reduce the sample to the 32 best plans, each contoured and
planned by a different clinical team. We quantify: 1) the OAR contouring variation, and 2) the impact the
variation has on important plan/DVH metrics. New technologies are employed, including a software tool to
compare critical volumes and quantify results. Results: There is significant inter-clinician variation in OAR
contouring, and the degree of variation is organ-dependent. We find substantial dose differences caused strictly
by the contouring variation (differences ranged from -289% to +56% for mean OAR dose; -22% to 35% for max
dose). Based on this analysis, there appears to be an obvious threshold in the comparison metric beyond which
the associated dose differences stabilize. Conclusions: The effects of inter-clinician variation in contouring
organs-at-risk in the head/neck can be large, and is organ-specific. The results warrant future studies on models
for Quality Systems for Anatomy Contouring (QSAC).

INTRODUCTION (cont.)
Purpose of this Work

1. To quantify inter-clinician variability in contouring common OARs of the head/neck; and

2. To quantify the change in dosimetric metrics of an IMRT plan due strictly to the OAR differences.

The results will help us understand if future studies warrant the design, verification, and implementation of a
QSAC, specific to critical organs-at-risk. Variation in the contouring of target volumes is also an important
topic9,11,12 but this variation was purposely designed out of our experiments so that we could focus on the less-
studied variation in OAR definition critical head/neck volumes.

Acquisition of Data (OAR Contours and Resulting IMRT Plans)

OAR anatomy definitions were acquired in conjunction with an international program called the “Plan Challenge” (Radiation Oncology
Resources, Goshen, IN). Radiation therapy clinicians were provided with a common CT dataset, a clinical head/neck case that included pre-
contoured gross tumor volume (GTV) and three clinical target volumes (CTV 56, CTV 63, CTV 70). CTV 63 and 70 were on the patient’s left,
with CTV 70 essentially abutting the left parotid. A margin request of 5mm on each CTV resulted in: PTV 56, PTV 63, and PTV 70. The
assigned prescription followed the MD Anderson technique of 35 fractions (200cGy per fraction), with all three target volumes to be
concurrently treated with at least 95% volume of each PTV covered by its prescription dose. The GTV and CTVs were the only contours
provided to the participating clinicians. All organs-at-risk were to be defined by each site, but a list of required OARs was neither provided
nor imposed, as a side objective of the Plan Challenge was to assay which OARs were deemed important enough to contour for treatment
planning. After contouring, each participating institution was to make their best effort designing an IMRT plan using their own site’s
resources (planning system, linac, preferred delivery methods, planning strategies, etc.). Final plans, OARs, and calculated dose grids were
collected as DICOM RT datasets.

The scope of this study was international. Clinical sites from the following countries registered and downloaded the initial data: the United
States, Australia, Hong Kong, Japan, South Africa, and Canada. In total, over 100 sites participated. Of the datasets returned, only those
that met pre-defined dose constraints were accepted as the final entries in the Plan Challenge. The dose requirements strictly imposed for
filtering the final submissions were that the D95 for all three PTVs were to meet the prescription levels. Further dose constraints were
suggested, but not strictly enforced, such as: less than 10% volume of each PTV was to receive 110% of its prescribed dose, 100% of the GTV
was to receive 100% of the overall prescription dose (7000cGy), and an overall global maximum dose within tolerance. After reviewing
submitted data and enforcing the criteria, the final number of datasets accepted was 32. These datasets formed the basis of data for this
work.

Quantifying the Inter-Clinician OAR Variability

Assessing the IMRT plan quality was not the intent of this work. Rather, we recognized that giving a common CT dataset to multiple
institutions and allowing them to define the critical OARs (as part of the process IMRT planning) would produce a very controlled dataset
with which to study the inter-clinician contouring variation.

After filtering the datasets down to the 32 finalists, a subset of OARs was used to study variation. The six OARs studied were: brainstem (N =
31), brain (N=10), left parotid (N=32), mandible (N=18), right parotid (N=32), and spinal cord (N=29). Inter-contourer variation per OAR was
quantified by several methods, all using a commercial Structure Set analysis software program called StructSure (Standard Imaging,
Middleton, WI). The three metrics quantifying variation were: 1) the Metric Score using a Linear DTA Penalty, 2) the Dice Coefficient, and 3)
the Coefficient of Variation of OAR volume (i.e. Standard Deviation/Mean).

Is There a Need for a Quality System for OAR Contouring?

It could be argued that a rigorous Quality System for Anatomy
Contouring (QSAC) would not be necessary if either: A)
contouring accuracy is proven to be consistent over all clinicians
and software tools; or B) there is variation, but the effects of
the variation are unimportant in their impact to planned dose
metrics. As such, a QSAC need only prove condition A or B to be
true, and repeat this on a sufficient, regular interval. On the
other hand, if there proves to be significant variation, then a
rigorous QSAC would be imperative. Figure 1 illustrates the
logical flow of determining if there is a need for a QSAC.

Previous work has studied variability in the contouring of
normal structures, specific to breast cancer volumes9 and
head/neck brachial plexus.10 Our work concentrates on normal
structures common to the head/neck. All work in this area is
important to understanding the need for, and potential designs
of, Quality Systems, which perhaps has not received due
attention given its important role in modern radiation
treatment planning. Figure 1. Logical flow chart to determine if there is a need for 

a QSAC.

Quantifying the Patient DVH Impact of Variation in OAR Contouring

Variation quantified by the organ volumes and metrics of accuracy would not,
by itself, indicate whether such variation could be clinically relevant. Therefore,
the dosimetric impact strictly due to the OAR variation was also quantified.

To do this, each submitted 3D dose grid was combined with the submitted
critical OARs to generate dose volume histogram (DVH) data and vital OAR
dose statistics (mean and max). Then, the same submitted 3D dose grid was
combined with the reference OARs and the statistics regenerated. All
dose/DVH statistics were generated using a commercial plan review tool
(3DVH, Sun Nuclear, Inc, Melbourne, FL). These two sets of statistics (per
dataset) were then compared. This method is justified based on the fact that
each site/clinician optimized their IMRT plan based on their defined OARs, and
the process of replacing their OARs with the reference OARs while using their
optimized dose grid allows for calculating differences due specifically to the
OAR differences. It is important to clarify that, even though there was variation
in all 32 IMRT plans due to the treatment planning strategies employed, the
design of this study was to isolate the dose/DVH effects due strictly to
contouring differences, as each dose grid was fixed and the differences
quantified by replacing each planner’s contours with the reference contours.

The first method was simply to look at the variation in total organ volume over
all clinicians. The mean and standard deviation were acquired for all six of the
studied OARs. In some cases, all six OARs were not present in each dataset, so
the number of data points (N) varied. The second and third methods were to
examine metrics of volume accuracy allowed by the StructSure analysis
program. A reference OAR set was created by the clinical team where the
patient was treated (Goshen General Hospital, Goshen, IN). Contours were
also evaluated by a total of 10 independent treatment planners. (NOTE: The
fidelity of these observers’ reference OARs vs. what another group of
observers might define as their reference is discussed in detail later in this
paper. In studying variation, whether this particular standard is or is not the
true standard is not the focus.) When comparing volumes, one simple metric
of similarity was the Dice Coefficient.13 The StructSure program also allows
customized metric methods based on a 3D “distance-to-agreement” (DTA) per
0.001 cc voxel, so a second, more advanced, metric calculated for each OAR
imposed a linear penalty for each errant (“extra” or “missing”) voxel in the
tested OAR when compared to the reference OAR. Figures 2 illustrates the
concept of extra and missing voxels and Figure 3 shows data for one particular
test case. The linear DTA penalty slope used was 0.50/mm (a voxel errant by 1
mm was levied a penalty of 0.50, a voxel errant by 2 mm levied a penalty of
1.00, etc.) allowing for larger OAR errors to be penalized more heavily than
smaller errors.

Figure 2. Penalty per voxel is applied as a function of distance-to-
agreement for voxels that fall outside of the reference volume 
(“extra”) and voxels that are in the reference volume but not 
defined (“missing”). Voxels are 1mm x 1mm x 1mm.

Figure 3. Example of “extra” (red) and “missing” (blue) voxels 
when comparing contoured vs. reference OARs. Shown here is 
one axial slice (right parotid, spinal cord, & left parotid). The 
lower panel shows the distance error histogram over all voxels in 
the right parotid.

RESULTS (cont.)

Figure 4. Histograms of 
OAR volumes defined for 
the same CT image set 
(defined by N contouring 
clinicians per OAR). The 
distribution of OAR 
volume is a very simple 
metric of variability.

Figure 5. Distribution of 
OAR accuracy metrics vs. 
reference OARs (perfect 
match metric = 100), 
calculated using a linear 
penalty as a function of 
3D distance-to-
agreement for missing 
and extra OAR voxels.
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Figure 7. This example 
shows an example where 
the spinal cord and right 
parotid differed signficantly
from the reference OARs, 
resulting in a big impact to 
the resulting DVH curves 
(common dose grid, 
different contours).

The anatomy/dose-related effects strictly due to contouring differences was quantified by dose metric differences, from what each planner 
expected (planner’s contours, planner’s dose) to what they would have seen given different contours (reference contours, planner’s dose). 
Mean and maximum dose differences (per OAR) were calculated as:

Dosimetric/Patient DVH Impact of Variation in OAR Contouring

Though OAR definitions may vary from clinician to clinician, one has to quantify whether this variation has a
relevant impact on the treatment plan dose objectives. As an example, the data shown in Figure 6 was for a
clinician whose OAR definitions matched closely to the reference OARs. When the clinician planned OARs were
replaced with the reference OARs on the planned 3D dose grid, the impact on critical DVH curves was minimal.
On the other hand, as shown in Figure 7, when a clinician’s planned OARs were significantly different than the
reference OARs, the DVH curves can change appreciably.

The degrees of possible dosimetric impact attributable to only differences in OAR definition are shown in Table 2,
which show the range of observed differences in mean and max dose. Of particular interest are the following
observations: 1) differences in mean dose of up to +56.1% and +44.9% for the left and right parotid, respectively;
2) difference in max dose to spinal cord of +7.3%; and 3) difference in mean dose of up to +34.0% and in max
dose of up to +22.6% in the brainstem. These were upper limits in critical dosimetric endpoints per OAR, but they
were in fact observed given an actual clinician’s anatomy contours vs. the reference contours.

The dose and DVHs of Figures 6 and 7 are just examples chosen from the 32 datasets studied here. In order to
capture how the variation in anatomy contouring can impact a plan’s dosimetry, and to search for trends, we
present Figures 8a/8b and 9a/9b. Figures 8a and 8b graph the scatter plot of mean dose and max dose
differences (%) for each OAR vs. the OAR’s corresponding accuracy metric score. As is seen clearly from Figure 8,
the range of the differences is quite large for low OAR accuracy scores, but the range of differences decreases as
the OAR accuracy score improves towards a perfect match (metric score = 100). For accuracy metric scores of
50.0, there were still dose metric differences almost at 40%, but by the time the OAR accuracy score was 70.0
and above, the dose metric differences stayed within +/- 10%. For accuracy scores of 85.0 and above, all dose
differences except one were within +/- 5%. The same data are plotted in Figures 9a and 9b, but with the y-axis
value being the absolute value of the dose differences. In figure 9b, the trend towards lower potential dose
differences for increasing OAR accuracy can be clearly appreciated. In all graphics, each scatter plotted point
represents the difference in either max or mean dose for one of the following critical structures: brainstem,
spinal cord, brain, left parotid, right parotid, larynx, or mandible.

Figure 8a. Errors in Mean and 
Maximum Dose due to OAR 
variation for the following critical 
structures: brainstem, spinal cord, 
brain, left parotid, right parotid, 
larynx, and mandible. (Outlined 
region is zoomed in Figure 8b.)

Figure 8b. Errors in Mean and 
Maximum Dose due to OAR 
variation, zoomed (to the region 
shown in figure 8a) to show the 
dosimetric errors for the most 
accurate OAR definitions.

Figure 9a. Absolute value of 
errors in Mean and Maximum 
Dose due to OAR variation for the 
following critical structures: 
brainstem, spinal cord, brain, left 
parotid, right parotid, larynx, and 
mandible. (Outlined region is 
zoomed in Figure 9b.)

Figure 9b. Absolute value of 
errors in Mean and Maximum 
Dose due to OAR variation, 
zoomed (to the region shown in 
figure 9a) to show the dosimetric 
errors for the most accurate OAR 
definitions.

DISCUSSION
OAR Variability: the Dependence on the Underlying Image Set and Reference OARs

This study examined OAR variability over a population of independent treatment planners (N=32) for a single head/neck CT image set. After
examining the trends of variability in inter-clinician anatomy contouring, it is obvious that the brain contours were most consistent, followed
by the mandible. This is not surprising given that both of those OARs have clear delineation of pixel values in CT imaging due to bone-soft
tissue borders. The spinal cord, despite being enclosed in a natural and easily defined canal in the CT images, still showed variability, mostly
due to varying diameters of the defined cord on each CT slice. Most variable were the brainstem and parotid glands, perhaps due in part to
their natural borders being soft tissue-soft tissue, which is harder to delineate in CT and more subject to experience and training. It would be
interesting to repeat this study and provide a companion MR image set with the CT image set, in order to see if multi-modality image fusion
(CT-MR) reduces the OAR variability for soft tissue OARs.

The variability in OAR contouring is obvious from the evidence, but in defining OAR “accuracy” metrics and in estimating dosimetric impact,
we needed to define a reference against which to compare. Subsequently, there could be a debate about whether the reference OAR dataset
used in this study truly was, in fact, worthy of being used as the standard. After all, what should be used as a reference/standard might itself
vary from site to site or physician-to-physician. However, for the purpose of this study, we wanted to capture the variability and the
dosimetric impact of variability, and therefore the argument about if the reference OARs were actually correct is less important. Given any
reference dataset, the variability in this study would still exist, although the dosimetric values might change slightly for alternative reference
OARs. The important fact is that they exist and we must confront the task of dealing with this issue in a quantitative and methodic manner.

The Need for a Quality System for Anatomy Contouring

Based on the results of going through the process of Figure 1, it is important for
providers of radiation therapy to investigate the design and validation of a Quality System
for Anatomy Contouring (QSAC). As with any quality system, a QSAC could be a continual
“prove and improve” program that would become part of a clinic’s ongoing QA schedule.
The goal of the QSAC would be to increase accuracy and decrease variation in
contouring. The basics (though no details) of a QSAC model are postulated in Figure 10.

The open question about how to define and standardize “gold standards” is of great
relevance when modeling a quality system. In the early stages of a QSAC initiative,
perhaps this would be best addressed at the local level, where small teams of physicians
could agree on their expectations and create their own gold standards that reflect those
expectations. However, as QSACs develop gold standards at the clinic-level, these could
be shared in a growing community and, over time, the collaborative groups such as the
RTOG could develop universal standards for anatomy contouring in radiation therapy. A
QSAC could become a very cost-effective way to improve the quality of care in radiation
therapy worldwide. Figure 10. General schematic and outputs of a QSAC, 

shown to help catalyze future studies in this area.

Figure 6. This example 
shows an example where 
the spinal cord and right 
parotid were very close to 
the reference OARs, 
resulting in similar DVH 
curves (common dose grid, 
different contours).


