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Abstract 20 

Background: Clinical target volume (CTV) contouring guidelines are frequently developed 21 

through studies in which experts contour the CTV for a representative set of cases for a given 22 

treatment site and the consensus CTVs are analyzed to generate margin recommendations. 23 

Measures of interobserver variability are used to quantify agreement between experts. In cases 24 

where an isotropic margin is not appropriate, however, there is no standard method to compute 25 

margins in specified directions that represent possible routes of tumor spread. Moreover, 26 

interobserver variability metrics are often measures of volume overlap that do not account for 27 

the dependence of disagreement on direction. To aid in the development of consensus 28 

contouring guidelines, this study demonstrates a novel method of quantifying CTV margins and 29 

interobserver variability in clinician-specified directions. 30 

 31 

Methods: The proposed algorithm was applied to 11 cases of non-spine bone metastases to 32 

compute the consensus CTV margin in each direction of intraosseous and extraosseous disease. 33 

The median over all cases for each route of spread yielded the recommended margins. The 34 

disagreement between experts on the CTV margin was quantified by computing the median of 35 

the coefficients of variation for intraosseous and extraosseous margins. 36 

 37 

Results: The recommended intraosseous and extraosseous margins were 7.0 mm and 8.0 mm, 38 

respectively. The median coefficient of variation quantifying the margin disagreement between 39 

experts was 0.59 and 0.48 for intraosseous and extraosseous disease. 40 

 41 



Conclusions: The proposed algorithm permits the generation of margin recommendations in 42 

relation to adjacent anatomy and quantifies interobserver variability in specified directions. This 43 

method can be applied to future consensus CTV contouring studies. 44 
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List of Abbreviations 48 

CT = computed tomography 49 

CTV = clinical target volume 50 

GTV = gross tumor volume 51 

MRI = magnetic resonance imaging 52 

SBRT = stereotactic body radiotherapy 53 

STAPLE = simultaneous truth and performance level estimation 54 

 55 

Background 56 

Conformal radiotherapy techniques, including stereotactic radiosurgery and stereotactic body 57 

radiotherapy (SBRT), are increasingly being delivered for most malignancies. Consistent and 58 

accurate delineation of the clinical target volume (CTV) is essential for ensuring treatment 59 

efficacy and meaningful interpretation of dosimetric and clinical outcomes in clinical trials. The 60 



CTV is defined as an additional margin to the gross tumor volume (GTV), the demonstrable extent 61 

of the tumor, to encompass microscopic disease. Ideally, CTV margin recommendations are 62 

informed by pathological evaluation of microscopic tumor extension (1–3) and examination of 63 

patterns of disease recurrence. In the absence of such data, expert consensus can provide 64 

guidance. Over the last decade, a number of consensus contouring studies to formulate 65 

guidelines have emerged for various disease sites (4–12). 66 

 67 

In these studies, experts are typically provided with patient images and asked to contour the CTV 68 

given a reference GTV. Measures of inter-observer variability are used to determine the 69 

agreement between experts (13). A consensus CTV is often created from a collection of expert 70 

contours by applying the simultaneous truth and performance level estimation (STAPLE) 71 

algorithm (14). Consensus contouring recommendations typically include CTV margins based, in 72 

part, on the STAPLE consensus CTV. In clinical contouring practice, the GTV would be expanded 73 

isotropically or anisotropically along the Cartesian axes using these margins. 74 

 75 

However, tumor spread can vary in extent in arbitrary directions because of anatomic barriers, 76 

anisotropic tissue structure, or preferential migration within the tissue of origin (15). Future 77 

treatment planning systems should implement expansion in arbitrary directions using anisotropic 78 

margins for better conformation to the disease volume. For this purpose, a method of analyzing 79 

expert contours to generate margin recommendations in specified directions that represent 80 

potential routes of tumor spread is needed. Such analysis would also benefit from a metric for 81 

quantifying interobserver variability in specified directions to assess disagreement on the 82 



appropriate margin. Common measures of interobserver variability like the Dice coefficient and 83 

the kappa statistic (17) are based on volume overlap and therefore do not capture the 84 

dependence of disagreement on direction. Existing algorithms that could be applied for 85 

computation of anisotropic margins and contour variability rely on approximately spherical 86 

volumes (18,19), which may not be a valid assumption, or do not make use of specified directions 87 

(20–22). 88 

 89 

This study proposes a novel method to compute consensus CTV margins and margin variability in 90 

directions chosen based on clinical assessment of potential routes of spread and anatomical 91 

barriers. For generating clinical contouring recommendations, the consensus CTV margin is 92 

computed for specified routes of spread in multiple cases, then a margin recommendation is 93 

made based on a summary statistic across all cases. For demonstration, the method is applied to 94 

11 cases of non-spine bone metastases, where margins are expected to be anisotropic, to 95 

determine separate intraosseous and extraosseous margins. 96 

Methods and Materials 97 

Metrics 98 

The upcoming metric definitions rely on a quantity called the directional margin  𝑀(𝒅), where 99 𝒅 is any clinically relevant direction in 3D. The directional margin is computed from a GTV and a 100 

CTV in two steps. First, a set of 𝑁 expansion vectors {𝒗𝑖}𝑖=1𝑁
 are identified: these vectors are 101 

oriented parallel to 𝒅 and extend from the GTV surface to the CTV surface without intersecting 102 



the interior of the GTV. Second, the directional margin is defined as the median of the lengths of 103 

the expansion vectors: 𝑀(𝒅) = MEDIAN({|𝒗𝑖|}𝑖=1𝑁 ), where | ⋅ | is the Euclidean norm. This 104 

procedure is illustrated in Figure 1. The diagram shows 2D contours for demonstration, but the 105 

algorithm can be applied to any contiguous 3D volume. Pseudocode is shown in an additional file 106 

(see Additional file 1). 107 

 108 

The consensus CTV margin is the directional margin of the GTV to the consensus CTV. The margin 109 

deviation is the coefficient of variation of the directional margins from the GTV to each expert 110 

CTV. For 𝐾 expert CTVs and a set of directional margins {𝑀(𝒅)𝑗}𝑗=1𝐾
 in direction 𝒅, CV(𝐝) =111 

STD൫{𝑀(𝒅)𝑗}𝑗=1𝐾 ൯/MEAN൫{𝑀(𝒅)𝑗}𝑗=1𝐾 ൯ is the margin deviation. 112 

 113 

Application to Clinical Cases 114 

The method was applied to 11 clinical cases, chosen specifically to represent a wide range of 115 

sites, and taken from a study on international practice patterns for the use of SBRT to treat non-116 

spine bone metastases (16). Each of nine radiation oncologists delineated the CTV contour, based 117 

on the provided GTV contour and the simulation CT and MRI scans. The contours were defined 118 

in the CT space (in-plane pixel size: 1.17 x 1.17 mm; slice thickness: 1-3 mm). Using all CTV 119 

contours, a consensus contour was computed using the STAPLE algorithm and approved by all 120 

radiation oncologists for use in making contouring recommendations (16).  121 

 122 



For each case, directions of intraosseous and extraosseous extension were identified by two co-123 

authors ([TKN] and [CLT]), both radiation oncologists. In each direction, the consensus margin 124 

was computed using the GTV and the consensus CTV, while the margin deviation was computed 125 

using the GTV and the individual participant CTVs. Computations were done using MATLAB 126 

(version R2016b, The Mathworks, Inc.). The median consensus margin and margin deviation for 127 

intraosseous and extraosseous extension were computed across all cases. 128 

Results 129 

For illustration, Figure 2 shows the consensus margin and margin deviation in each clinician-130 

specified direction for a pubic symphysis case. This case showed no extraosseous extension. 131 

Figure 3 shows the consensus margins and margin deviations over all 11 cases. The median 132 

consensus margins were 7.0 mm (intraosseous) and 8.0 mm (extraosseous); the median margin 133 

deviations were 0.59 (intraosseous) and 0.48 (extraosseous).  134 

 135 

Discussion 136 

The purpose of the directional margin algorithm is to quantify CTV expansions by direction for 137 

the development of contouring guidelines. The advantage of applying this algorithm over 138 

computing an isotropic margin is that the extent of tumor spread may depend on direction 139 

because of anatomical barriers or the nature of surrounding tissue. In an application to multiple 140 

cases of non-spine bone metastases the proposed method yielded separate estimates of 141 

intraosseous and extraosseous extension, which would not have been possible by computing an 142 



isotropic margin. This data can inform the development of subsequent consensus contouring 143 

recommendations. Since routes of spread will typically vary in different directions, anisotropic 144 

CTV expansions in arbitrary directions should be a feature of future treatment planning systems. 145 

 146 

The agreement between experts on the appropriate margin for a given route of spread can be 147 

quantified using the margin deviation. The range of the margin deviation will need to be 148 

characterized in more subjects so that outliers can be identified in future studies on contouring 149 

variability that employ this technique. 150 

 151 

One of the strengths of the proposed method is the ability to account for complex geometries, 152 

since the lengths of all expansion vectors are incorporated (Figure 4(A)). The primary limitation 153 

of this method is that it does not account for the fact that only a subset of the GTV surface is 154 

relevant for margin computation when barriers to tumor spread are present in the specified 155 

direction (Figure 4(B)). The method can be generalized by segmenting anatomical barriers and 156 

excluding inappropriate vectors. This strategy could be facilitated by recent advances in 157 

automated segmentation for CTV delineation (15,23). 158 

Conclusions 159 

This report described and demonstrated a novel method to compute CTV margins and margin 160 

disagreement between expert contours in any number of specified clinically relevant directions. 161 

The proposed approach allows for the generation of margin recommendations in relation to 162 

adjacent anatomy. The method was applied to 11 cases of non-spine bone metastases to 163 



compute recommended intraosseous and extraosseous margins. The margin disagreement was 164 

also quantified. The method can be applied in future consensus contouring studies. 165 
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Figure Captions 240 

Figure 1 – Diagram for directional margin explanation: (A) and (B) show coronal and axial views 241 

of the GTV (green) and CTV (red). In blue and orange are the expansion vectors in the anatomical 242 

right (R) and left (L) directions respectively. The dimensions are shown along the axes. (C): The 243 

vector lengths collected over the surface of the GTV. Computing the medians yields an expansion 244 

of 7.0 mm in the R direction and 2.0 mm in the L direction. 245 

Figure 2 – Consensus margin and margin deviation for a metastasis in the pubic symphysis: CT 246 

and overlaid contours for a patient with a metastasis in the pubic symphysis. The GTV and STAPLE 247 

CTV are the solid green and red contours respectively; the expert contours are dotted. The 248 

relevant directions, indicated by the vectors, are termed superior-anterior (SA), inferior-posterior 249 

(IP), superior-right (SR), and posterior-right (PR). The text annotations report the consensus 250 

margin (mm) followed by the margin deviation (dimensionless) associated with the same-color 251 

direction. 252 

Figure 3 – Comparison of intraosseous and extraosseous consensus margins and margin 253 

deviations: (A) and (B) show boxplots of the consensus CTV margins and margin deviations over 254 

all 11 cases of non-spine bone metastases. The points of a given color are the metrics in each 255 

direction for a specific case.  256 

Figure 4 – Cases for discussion of strengths and limitations of method: (A): The GTV (green) and 257 

STAPLE CTV (red) for an acetabular metastasis. The cyan vectors in the inferior direction show 258 

variation in length, accounted for by the proposed algorithm. (B): The GTV (green) and STAPLE 259 



CTV (red) for a metastasis in the iliac crest, with the cyan vectors indicating a potential direction 260 

of intraosseous extension. Some of the vectors lie outside of the bone. 261 
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Figures

Figure 1

Diagram for directional margin explanation: (A) and (B) show coronal and axial views of the GTV (green)
and CTV (red). In blue and orange are the expansion vectors in the anatomical right (R) and left (L)
directions respectively. The dimensions are shown along the axes. (C): The vector lengths collected over
the surface of the GTV. Computing the medians yields an expansion of 7.0 mm in the R direction and 2.0
mm in the L direction.



Figure 2

Consensus margin and margin deviation for a metastasis in the pubic symphysis: CT and overlaid
contours for a patient with a metastasis in the pubic symphysis. The GTV and STAPLE CTV are the solid
green and red contours respectively; the expert contours are dotted. The relevant directions, indicated by
the vectors, are termed superior-anterior (SA), inferior-posterior (IP), superior-right (SR), and posterior-right
(PR). The text annotations report the consensus margin (mm) followed by the margin deviation
(dimensionless) associated with the same-color direction.



Figure 3

Comparison of intraosseous and extraosseous consensus margins and margin deviations: (A) and (B)
show boxplots of the consensus CTV margins and margin deviations over all 11 cases of non-spine bone
metastases. The points of a given color are the metrics in each direction for a speci�c case.



Figure 4

Cases for discussion of strengths and limitations of method: (A): The GTV (green) and STAPLE CTV (red)
for an acetabular metastasis. The cyan vectors in the inferior direction show variation in length,
accounted for by the proposed algorithm. (B): The GTV (green) and STAPLE CTV (red) for a metastasis in
the iliac crest, with the cyan vectors indicating a potential direction of intraosseous extension. Some of
the vectors lie outside of the bone.
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