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Abstract
The use of stereotactic radiosurgery (SRS) employing one or a few fractions of high doses of radiation has continuously
increased due to the technical development in dose delivery and morphological and functional imaging. As the target
volume in SRS is usually defined without margins, the treatment success critically depends on accurate definition and
contouring of the target volume and organs at risk (OARs) which are commonly situated in the proximity of the target
making their precise delineation particularly important in order to limit possible normal tissue complications. Subsequent
treatment planning is reliant on these volumes, which makes the accurate contouring a requisite to high quality treatments.

The purpose of this work was to evaluate the current degree of variability for target and OAR contouring and to establish
methods for analysing multi-observer data regarding structure delineation variability. Furthermore, this was set in a broader
picture including the importance of contouring studies, the clinical implications of contouring errors and the possible
mitigation of the variability in contouring by robust treatment planning.

A multi-centre target and OAR contouring study was initiated. Four complex and six common cases to be treated with
SRS were selected and subsequently distributed to centres around the world performing Gamma Knife® radiosurgery
for delineation and treatment planning. The resulting treatment plans and the corresponding delineated structures were
collected and analysed.

Results showed a very high variability in contouring for the four complex radiosurgery targets. Similar results indicating
high variability in delineating the common targets and OARs were also reported. This emphasised the need of continuous
work towards consistent and standardized SRS treatments. Consequently, the results of the OAR analysis were incorporated
in an effort to standardize stereotactic radiosurgery (SRS). Variations in treatment planning were as well analysed for
several of the indications included in the initial study on contour delineation and the results showed a high variability in
planned doses including several plans presenting large volumes of the brain receiving a higher dose than 12 Gy, indicating
an elevated risk of normal tissue complications.

The results of the contouring work were, as a last step of this thesis, used as input for a robust treatment planning approach
considering the variability in target delineation. The very preliminary results indicate the feasibility of the probabilistic
approach and the potential of robust treatment planning to account for uncertainties in target extent and location.
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Abstract 
 

 

 

The use of stereotactic radiosurgery (SRS) employing one or a few fractions 

of high doses of radiation has continuously increased due to the technical 

development in dose delivery and morphological and functional imaging. As 

the target volume in SRS is usually defined without margins, the treatment 

success critically depends on accurate definition and contouring of the target 

volume and organs at risk (OARs) which are commonly situated in the 

proximity of the target making their precise delineation particularly important 

in order to limit possible normal tissue complications. Subsequent treatment 

planning is reliant on these volumes, which makes the accurate contouring a 

requisite to high quality treatments.   

The purpose of this work was to evaluate the current degree of variability for 

target and OAR contouring and to establish methods for analysing multi-

observer data regarding structure delineation variability. Furthermore, this 

was set in a broader picture including the importance of contouring studies, 

the clinical implications of contouring errors and the possible mitigation of 

the variability in contouring by robust treatment planning. 

A multi-centre target and OAR contouring study was initiated. Four complex 

and six common cases to be treated with SRS were selected and subsequently 

distributed to centres around the world performing Gamma Knife® 

radiosurgery for delineation and treatment planning. The resulting treatment 

plans and the corresponding delineated structures were collected and 

analysed. 

Results showed a very high variability in contouring for the four complex 

radiosurgery targets. Similar results indicating high variability in delineating 

the common targets and OARs were also reported. This emphasised the need 

of continuous work towards consistent and standardized SRS treatments. 

Consequently, the results of the OAR analysis were incorporated in an effort 

to standardize stereotactic radiosurgery (SRS). Variations in treatment 



 
  

planning were as well analysed for several of the indications included in the 

initial study on contour delineation and the results showed a high variability 

in planned doses including several plans presenting large volumes of the brain 

receiving a higher dose than 12 Gy, indicating an elevated risk of normal 

tissue complications.  

The results of the contouring work were, as a last step of this thesis, used as 

input for a robust treatment planning approach considering the variability in 

target delineation. The very preliminary results indicate the feasibility of the 

probabilistic approach and the potential of robust treatment planning to 

account for uncertainties in target extent and location.  

 



 
  

Sammanfattning 

 

 

 

Användningen av stereotaktisk strålningskirurgi, där behandlingar ges i en 

eller några fraktioner, har ökat kontinuerligt. Den tekniska utvecklingen 

tillsammans med avancemang i diagnostiska verktyg har effektiviserat 

behandlingarna och gjort dem bättre anpassade för att möta patientens unika 

behov. Strålkniven är en strålningskirurgisk teknik som behandlar tumörer 

samt andra mål i hjärnan och precisionen i den dos som deponeras i 

behandlingsvolymen (mål-volymen) är hög. Detta möjliggörs av 

noggrannheten i alla steg i behandlingskedjan, från bildtagning till fixation 

och behandling av patient. Behandlingsdosen är hög i förhållande till 

fraktionerade behandlingar och detta kräver en hög noggrannhet samt 

precision i definitionen av behandlingsvolym samt av riskorgan. 

Konsekvenser av en inkorrekt definition av behandlingsvolym eller riskorgan 

är risken att deponera en hög dos i frisk vävnad eller utelämna en delvolym 

av behandlingsvolymen. Detta kan leda till en sämre sannolikhet för 

tumörkontroll samt ökad risk för strålningsinducerade komplikationer i 

normal vävnad.  

Syftet med detta arbete har varit att utvärdera variationen av konturerade 

behandlingsvolymer och riskorgan, samt att etablera metoder för analys av 

multi-center konturdata. Variationen i konturerade behandlingsvolymer 

användes i en robust dosplanering som det slutliga syftet med denna 

avhandling.  

En multi-center analys av variationer i konturering av tumörer och riskorgan 

initierades. Fyra komplicerade och sex enkla mål valdes ut och distribuerades 

till strålknivs-center runt om i världen. Deltagare från dessa center 

konturerade behandlingsvolymer, riskorgan samt gjorde en dosplan för varje 

mål. Resultaten samlades in och analyserades med verktyg som presenteras i 

denna avhandling.  

Resultatet av analysen av volymer uppvisade en hög variation i konturering, 

speciellt för komplicerade mål samt för riskorgan. Analysen av riskorgan 

kombinerades med målet att standardisera stereotaktiska strålningskirurgiska 



 
  

behandlingar. Syftet med detta var att analysera kontur-data av riskorgan som 

ej framtagits med hjälp av ett standardiserat protokoll och därmed få ett 

resultat på omfattningen av problemet. De stora skillnader som uppvisades, i 

alla delar av analysen, betonade betydelsen av standardisering för 

högkvalitativa behandlingar. Majoriteten av indikationer analyserades även 

med hänsyn till dosplanering. Resultatet uppvisade stora skillnader i 

dosplanering, konformitet i dosplaneringen samt storlek av 12 Gy volymer – 

ett mått på risk för komplikationer.   

Den avslutande delen i denna avhandling fokuserar på att integrera 

variationen i konturering i en robust dosplanering där variationen definieras 

som osäkerheter i utbredning av mål-volym. Resultaten av denna analys, som 

i nuläget är preliminära, pekar på att detta är en möjlig metod som tar hänsyn 

till osäkerheter i definitioner av mål-volymer. Detta kan eliminera kravet på 

binära definitioner av mål-volymer för regioner av tvetydig natur.  
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Outline of the thesis 
 

 

 

This thesis focuses on investigating the variability in target and organs at risk 

contouring, developing methods for comparing contoured structures and 

looking at the broader picture in terms of delineation standardization and the 

possible clinical impact of the contouring variability. The background of 

stereotactic radiosurgery is introduced and published data on contouring 

variability are presented. 

The first part focuses on the contouring and treatment planning variability in 

radiation therapy with a section dedicated to stereotactic radiosurgery 

followed by the possible clinical implications. Last section is allocated to the 

work on robust treatment planning, illustrating how the delineation 

variability, in terms of contouring uncertainty, could be accounted for in the 

treatment planning process.  

Results published in the enclosed papers highlight the importance of this work 

with respect to the inter-observer variations in target and organs at risk 

contouring, how they could be handled through the implementation of a 

standardized consensus protocol and possibly, how could they be regarded as 

uncertainties and implemented in a robust treatment planning approach. 

Parts of text in this thesis were included in my licentiate thesis.  
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AV100 Intersection/common volume 

AV100/N Union/encompassing volume 

AV50 Average volume 

AVI  Agreement volume index 

AVM Arteriovenous malformation 

CI Conformity index 

CTV Clinical target volume 

GTV Gross target volume 

CNS Central nervous system 

CT Computed tomography 

CBCT Cone beam computed tomography  

DICOM Digital Imaging and Communications in Medicine 
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GI Gradient index 

ICRU International Commission on Radiation Units and Measurements 

OAR  Organ at risk 

PCI Paddick conformity index  



 
  

PIV Prescription isodose volume 

PRV Planning organ at risk volume 

PTV Planning target volume 

QUANTEC Quantitative Analysis of Normal Tissue Effects in the Clinic 

SRS Stereotactic radiosurgery 

STAPLE Simultaneous truth and performance level estimation 

TPS Treatment planning system 

TTV Treated target volume 

V10 Volume receiving at least 10 Gy 

V12 Volume receiving at least 12 Gy
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1. Introduction 
 

 

 

Radiation therapy is a highly advanced discipline within the oncology field. 

The technical progress has radically improved patient specific outcome in 

terms of cure and, at the same time, lowered the probability of side effects 

(Baskar et al. 2012, Thompson et al. 2018). A steeper dose fall-off outside the 

treated lesion has been achieved facilitating sparing of organs at risk (OAR), 

at the same time allowing for dose escalation to the tumor (Brito Delgado et 

al. 2018, Pacelli et al. 2019). Cross-firing of radiation beams together with 

online tumor tracking have decreased the uncertainties in treatment delivery 

and the introduction of new radiation therapy techniques such as intensity 

modulated radiation therapy and image guided radiation therapy have 

increased the opportunity for personalized care for patients (Pacelli et al. 

2019). Another important advance in radiation oncology has been made in 

the early diagnostic accuracy due to screening protocols and education. When 

optimal treatment delivery has been achieved through research, development 

and clinical implementation, target and OAR contouring is especially 

important together with treatment planning to ensure high target coverage and 

therefore to minimize the risk of target under-treatment and maximize the 

OAR sparing by ensuring accurate OAR definition.  

Radiation therapy treatments are usually delivered in several sessions, the 

total dose of radiation being delivered in a number of fractions depending on 

tumor type, location and treatment protocol. A fractionated schedule could 

increase the therapeutic window meaning that normal tissue complications 

are minimized while the total dose to the tumor can be increased. 

Uncertainties in dose delivery might be present in every step of the treatment 

chain from the imaging to the treatment delivery. The possible mis-match 

between the intended targets as defined by their contours and the delivered 

doses are considered by setting margins for the targets as well as by 

performing image guided radiation therapy. Dose fractionation acts also as a 
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method of averaging the effect of errors and uncertainties in the delivery of 

the prescribed dose.  

Intracranial stereotactic radiosurgery (SRS) has been used for more than 6 

decades for the management of malignant, benign and functional targets in 

the brain. The term stereotactic refers to the 3-dimensional localization of a 

volume using a stereotactic frame, or other device, and the first SRS unit was 

designed by a Swedish neurosurgeon, Dr Lars Leksell almost 60 years ago 

(Leksell 1951). Today, several SRS systems are commercially available 

including the Gamma Knife® (Elekta AB, Stockholm, Sweden) and 

CyberkKnife (Accuray, Sunnyvale, CA, US) as well as photon linear 

accelerator (LINAC) systems and proton and ion-based radiation therapy 

technologies. SRS delivers a high dose of radiation to the pre-defined target 

structure, at the same time sparing normal surrounding structures. This 

demands accurate localization and definition of target structures and a high 

accuracy in treatment delivery. Gamma Knife® radiosurgery is a highly 

conformal technique, for treatment of lesions in the brain, demanding a very 

high accuracy and precision in contouring and treatment planning. The term 

“conformal” refers to an important aspect in SRS and it concerns the 

similarity between the defined target volume and the prescription isodose 

volume together with the sharp dose fall-off outside the treated target volume 

(TTV) – the volume of the contoured target encompassed by the prescription 

isodose volume. By varying the number of isocenters and beam configuration 

for each isocenter, the resulting dose distribution can be conformal to the 

defined target volume. Each point in the target volume, the defined volume 

to receive the prescription dose, needs to be accurately identified in space 

both during treatment and imaging – resulting in the demand for accurate 

stereotaxy.  

Inaccuracies in target and OAR definition might overshadow the precision of 

the technique and result in lower tumor control or normal tissue 

complications. An error in the definition of an OAR structure might result in 

inaccuracies in dose reporting and failure in correlation to possible radiation 

toxicity, especially for conformal techniques where the dose fall-off towards 

structures in the proximity of the target is steep. Any displacement of an OAR 

structure might change the maximum or average dose reported for that 

particular OAR. Similarly, the uncertainty in target contouring and planning 

results in problematic correlation to tumor control. These factors are 

especially important in the reporting of clinical results and hence in the inter-

study comparisons.  
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The brain is minimally influenced by tumor motion and Gamma Knife® 

radiosurgery is minimally influenced by inaccuracies in patient setup and 

other uncertainties. Furthermore, the majority of treatments are given in one 

fraction of a high dose with a sharp dose fall-off outside the defined target 

leaving no room for the averaging effect. A “high” dose is in relation to the 

dose per fraction in fractionated radiation therapy. The main uncertainty to 

resolve, that could lead to normal tissue toxicities or low tumor control, is 

therefore the accuracy in tumor and OAR definition.  

The overall aim of reducing the uncertainty in definition of targets and OARs 

and thus the variability in delineation is to increase the accuracy and 

precision, in other words global repeatability, in contouring. Several 

approaches have therefore been proposed incorporating anatomical atlases 

(Zaffino et al. 2018), machine learning and deep learning methods (Jarrett et 

al. 2019) and various other tissue segmentation systems (Tian et al. 2017). 

Common to these methods is that they can be used for target and OAR 

segmentation with the purpose of minimizing or even excluding the observer 

impact on the contouring process. Some of these methods are clinically 

implemented (Wittenstein et al. 2019) while others are still in research phase 

or in development with clinical potential (Cardenas et al. 2018, Li et al. 2018). 

Good agreement to manual clinical contours has been observed (Li et al. 

2018). A standardized treatment protocol might possibly mitigate the major 

influencing factors, such as the choice on the images used for guiding the 

delineation and prevent major errors in contours, and thus increase the clinical 

value in automatic contouring models. Several studies have shown that the 

use of anatomical atlases and consensus guidelines/standardized protocols 

reduces the variability substantially for selected cases (Mitchell et al. 2009, 

Fuller et al. 2011, Nijkamp et al. 2012, Schimek-Jasch et al. 2015, Hague et 

al. 2019). However, models based on artificial intelligence of some form need 

still to gain the trust of clinicians before clinical implementation and the 

understanding of their limitations (Boon et al. 2018).  

This thesis focuses on the issue of contouring and planning variability for 

stereotactic radiosurgery (SRS), its potential clinical relevance and methods 

for reduction of the inter-observer variability in contouring. Furthermore, the 

possibility of taking it into account in terms of robust treatment planning is 

also explored.  
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2. Background 
 

 

 

2.1 Gamma Knife radiosurgery 
 

The first commercial Gamma Knife®, model B, was introduced in 1987 and 

nearly 676 000 patients have been treated by 2011 and more than 1 million 

by 2017 (Wu et al 1990, Leksell Gamma Knife Society 2011, Leksell Gamma 

Knife Society 2017). For treatments of targets in the brain, the possible 

advantage of SRS in comparison to external LINAC radiation therapy lies in 

the difference in the beam configuration delivering a high dose to the target 

in one fraction with a steep dose fall-off. This is delivered with submillimeter 

precision ensuring at the same time optimal normal tissue sparing (Novotny 

et al. 2002, Nakazawa et al. 2014, Xu et al. 2019).  

Gamma Knife® Perfexion™ using 192 Cobalt-60, 60Co, sources is 

commercially available since 2006 (Lindquist and Paddick 2007, Novotny et 

al. 2008). The latest model, the Gamma Knife® Icon™, is essentially the 

Perfexion™ model with integrated cone-beam computed tomography 

(CBCT) imaging for patient positioning. 60Co undergoes beta decay with a 

half-life of 5.27 years with an average photon energy of 1.25 MeV. In the 

excited state, 60Co decays through beta decay to the unstable Nickel-60 (60Ni), 

rapidly followed by the emission of two photons with energies 1.17 MeV and 

1.33 MeV – decaying to stable 60Ni. Emitted electrons from the beta decay 

are absorbed in the source shielding. The sources, with an initial activity of 

approximately 1 TBq, are arranged in a conical pattern and divided into eight 

sectors. Each sector is containing 24 sources, with beams intersecting at the 

isocenter, positioned in the center of the collimator. Independent linear 

movement of each source sector enables individual collimation. Cross-firing 

of the beams results in a high radiation dose at the isocenter, while normal 

tissue sparing is ensured by the rapid dose fall-off outside the defined region 

of interest. The movement of the sources allows three possible collimator 

positions and one blocked position for each of the sectors (Lindquist and 

Paddick 2007). Sectors can be collimated in size or completely blocked to 
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shape each so called "shot".  Periodic reloading of the sources is necessary 

due to the decay of radioactive 60Co which leads to extended beam-on-times. 

This might pose a problem for targets requiring a longer beam-on-time to 

achieve high conformity or for patients where short beam-on-times are 

essential. Reloading of sources is essential for continuous quality of treatment 

planning and treatment delivery.  

 

Since Gamma Knife® radiosurgery involves a single or a few fractions 

delivering a very high dose of radiation with a steep dose fall-off, dose 

conformity, in conjunction with accuracy and precision in patient positioning, 

is of fundamental importance.  

 

2.2 Patient positioning and imaging 
 

Accurate patient positioning is ensured by the use of the Leksell® coordinate 

frame or by the frameless stereotactic technique which provide the Cartesian 

X, Y and Z coordinates of the patient in the Leksell® GammaPlan® 

coordinate space. The reason of using the Leksell® coordinate frame or other 

fixation devices is to immobilize the patient and provide the localization of 

the target relative to the treatment couch and the Gamma Knife® unit. The 

stereotactic frame is mounted on the head of the patient by the means of 

screws, on the day of the treatment, and the patient is imaged with the frame 

attached. Magnetic resonance imaging is the primary imaging technique in 

Gamma Knife® radiosurgery, due to the superior soft tissue contrast, together 

with computed tomography (CT) imaging and angiography. The stereotactic 

image may also be co-registered to functional images acquired for the patient. 

The stereotactic frame is used mainly in single fraction treatments. Single 

fraction treatments of larger lesions (diameter>3cm) might compromise the 

probability of achieving high tumor control with increased dose burden to 

normal tissues (Huang et al. 2018). Similarly, treatments of lesions in close 

proximity of an OAR or multiple targets could also benefit from a hypo-

fractionated treatment regime. The newly developed Gamma Knife® Icon™ 

has changed cranial SRS from a frame-based to a frameless approach. A 

CBCT and thermoplastic mask is incorporated for the definition of 

stereotactic coordinates. Daily positioning together with motion detection by 

optical tracking of fiducial markers on the patient's nose enables hypo-

fractionated treatments. Evaluation of the system's accuracy when using a 
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thermoplastic mask for patient immobilization showed results in the 

submillimeter range (AlDahlawi et al. 2017, Li et al. 2016).  

 

2.3 Target and OAR contouring 
  

Contouring of target and OAR structures are of key importance in treatment 

planning and plan evaluation. The target volume, the volume that will receive 

the prescription dose or higher, is manually contoured or contoured with the 

support of a semi-automatic segmentation option in the treatment planning 

system (TPS) Leksell® GammaPlan®. Target volumes in Gamma Knife® 

radiosurgery are relatively small, in comparison to radiation therapy volumes 

based on other treatment modalities, and usually in the range between 0.3-3 

cm in diameter. Normal tissue tolerance limits the applicability of high dose 

single fraction treatments in the brain. The concept of target margins does not 

directly apply to Gamma Knife® radiosurgery given that the fundamentals of 

SRS are adapted straight from neurosurgery both regarding philosophy and 

the fundamental aspects of the technique. Margins are therefore not 

commonly applied.  

Contouring of OARs is necessary for the evaluation of the doses delivered to 

the OARs in relation to the accepted tolerance doses (ATDs). In SRS of the 

brain, however, there is minimal consensus regarding the ATDs for relevant 

OARs which was reported in Paper III (Sandström et al. 2016). The 

Quantitative Analysis of Normal Tissue Effects in the Clinic (QUANTEC) 

provided a review of normal tissue dose restrictions where they highlight the 

variability in dose reporting and lack of data in SRS planning (Lawrence et 

al. 2010, Mayo et al. 2010). Therefore, an OAR Standardization Working 

Group supported by the Leksell Gamma Knife Society was established 

(Torrens et al. 2014). They reported, based on information provided by the 

Gamma Knife/radiosurgery community, a large range of ATDs for OARs in 

the brain and lack of consensus regarding the use of imaging for OAR 

contouring. This emphasizes the importance of central nervous system (CNS) 

and brain OAR contouring guidelines for SRS treatments. Another important 

aspect, concerning sharing of data, data mining and reporting, is the treatment 

planning nomenclature. This concerns the actual structures nomenclature but 

also the terminology of planning parameters such as prescription isodoses, 

ATDs and definition of these volumes. Sandström et al. 2016 – Paper III 
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summarizes the variability in OAR nomenclature, highlighting the need for 

standardization.  

 

2.4 Treatment planning  
 

The resulting dose distribution from one beam configuration in the Gamma 

Knife® Perfexion™ and Icon™ systems is generally spherical in shape. This 

is called a "shot" and the dose distribution is a result of the source 

configuration in the device. Multiple isocenters, i.e. shots, are combined and 

positioned in the target and the resulting dose distribution is conformal to the 

contoured target volume and, by nature, non-uniform within. Shots can 

additionally be relatively weighted and also blocked in some source sectors 

to create non-spherical dose distributions, which adds to the possibility of 

creating a complex treatment plan. An individual shot blocked in one or 

several sectors – a composite shot – facilitates dose sparing of adjacent 

normal tissue which is beneficial for cases with OARs in the proximity of the 

target (Lindquist and Paddick 2007, Petti et al. 2008). Due to the nature of the 

treatment planning process, several different treatment plans could be 

accepted with equal conformity parameters and prescription doses while the 

dose inside the target could be significantly different from one plan to 

another. Paper V presents the variability in treatment planning (Sandström et 

al. 2019). Prescription dose, the dose ideally covering the complete contoured 

target volume, is commonly defined to the 50% isodose surface – defined as 

the prescription isodose (Paddick and Lippitz 2006). Reason for this is based 

on historical experience and assumption that this facilitates steepest dose fall-

off together with decreased dose burden to normal tissue surrounding the 

target. Examples of the dose profiles of the 4 mm, 8 mm and 16 mm shot is 

shown in Figure 2.1 (left figure) and the relative 50% isodose level marked 

by the red horizontal line, constituting the prescription isodose. For 

comparison, the dose profile for a treatment plan for a cavernous sinus 

meningioma where numerous shots of different sizes are combined to form a 

plan is shown in Figure 2.1 (right figure). The steep dose fall-off is shown as 

the dose drops from about 11 Gy at the prescription isodose, to about 5 Gy at 

5 mm from the prescription isodose.  
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Figure 2.1. (A) dose profiles for a 4 mm, 8 mm and 16 mm shot from Leksell® 

GammaPlan®. Dotted line represents a fictive prescription of 14 Gy at the 

50% isodose. (B) shows the dose profile for a cavernous sinus meningioma 

case. The 50% prescription isodose is marked with the red line. 

 

The International Commission on Radiation Units and Measurements (ICRU) 

report 50 on "Prescribing, Recording and Reporting Photon Beam Therapy" 

(ICRU report 50 1993) specifies the recommended volumes in a radiation 

therapy setting. The gross tumor volume (GTV) is defined as the visible 

extent of a tumor, clinical target volume (CTV) includes microscopic spread 

and planning target volume (PTV) is added to ensure that the CTV receives 

the prescribed dose and accounts for target motion and variations in size and 

uncertainties in patient setup and treatment delivery. In Gamma Knife® 

radiosurgery however, no margin is applied to account for microscopic 

spread, tumor motion or patient set-up uncertainties. The PTV is therefore 

equal to the GTV due to the assumption of absence of geometrical 

uncertainties. Factors that could be included in a PTV margin are possible 

image artefacts, tumor infiltration (CTV) and errors in tumor definition and 

co-registration of images. Tumor infiltration is included in the GTV to CTV 

margin and a 1 mm depth of infiltration has been found to be present in some 

cases of metastases (Baumert et al. 2006).  

Torrens et al. (2014) reports that 54% of Gamma Knife® centers use the term 

target volume as the volume receiving the prescription dose, with 

recommendations that GTV should replace target volume to be consistent 

with the ICRU guidelines (ICRU report 50 1993). Furthermore, the volume 

of the target (GTV) receiving the prescription dose in SRS should be referred 

to as the treated target volume (TTV), replacing the current variable 

terminology.  

ICRU report 50 also states that the delivered dose should be homogenous 

throughout the target volume, which is not the case in Gamma Knife® 
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radiosurgery. Instead, the prescription isodose planned to encompass the 

target is usually 50% of the maximum dose and the mean dose in the target 

can be highly variable. This limits the possibility of inter-study comparisons 

of treatment outcome related to dose where merely the prescription dose is 

provided. Differences in the average doses up to 148% could be observed for 

targets commonly treated with the Gamma Knife® as presented by 

Sandström et al. 2019 (Paper V). ICRU report 50 clearly states that "the 

outcome of treatment cannot be related to dose if here is too large a dose 

heterogeneity". This is therefore a concern in Gamma Knife® radiosurgery. 

 

2.5 Evaluation of plan quality 
 

The quality of an SRS treatment plan is evaluated with respect to different 

factors as described in the following section. Several of the parameters used 

in the evaluation of Gamma Knife® radiosurgery treatment plans involve the 

conformity of the plan with respect to the contoured target. Coverage, 

selectivity, gradient index (GI), Paddick conformity index (PCI), conformity 

index (CI), efficiency index, volume receiving more or equal to 10 Gy and 12 

Gy (V10 and V12), ATDs for OARs and dose volume histograms (DVHs) 

are metrics that describe the quality of a treatment plan with respect to the 

dose coverage of the contoured target volume, irradiation of normal tissue, 

risk of normal tissue toxicity and irradiation of OARs. Equations 2.1-2.5 and 

Figure 2.2 summarize the metrics applied in plan quality quantification.  

 
Figure 2.2 Illustration of the volumes applied in the calculation of plan 

metrics. Prescription isodose volume is the dose volume covering the target 

volume, treated target volume is the volume overlap between the prescription 

isodose volume and target volume and the target volume is the contoured 

target volume. 
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The coverage (equation 2.1) is the ratio of the target volume receiving the 

prescribed dose to the whole volume of the target and ranges between 0-100% 

(Larson et al. 1994, Borden et al. 2000). The common value of coverage for 

plan acceptance is ≥ 95% (Torrens et al. 2014).  

 

                                               𝐶𝑜𝑣𝑒𝑟𝑎𝑔𝑒 =
𝑇𝑇𝑉

𝑇𝑉
                                         2.1 

 

A complementing parameter is the selectivity (equation 2.2) which measures 

the prescribed dose in normal tissue, relative to the amount of the prescribed 

dose deposited in the contoured target volume. The range of the selectivity is 

between 0-100%. Accepted values of the selectivity vary depending on target 

size and shape. A commonly accepted value is ≥ 90% (Torrens et al. 2014). 

However, treatment plans for small targets and/or targets with a complex 

shape, may be accepted with a lower selectivity. High coverage is important 

for all patients while the selectivity could be dependent on the overall health 

status of the patient and a lower selectivity could be accepted for patients with 

low tolerance for prolonged beam-on-times, in addition to the dependence on 

target shape. In Paper V, treatment times for a cavernous sinus meningioma 

case planned by 12 observers are reported with beam-on-times in the range 

40-155 minutes (Sandström et al. 2019). Resulting plan metrics (i.e. coverage 

and selectivity) are therefore highly variable (coverage: 0.52-0.98 and 

selectivity: 0.42-0.84). 

 

                                              𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =
𝑇𝑇𝑉

𝑃𝐼𝑉
                                        2.2  

 

CI and PCI are two other indexes describing the conformity of a treatment 

plan relative to the contoured target volume (Shaw et al. 1993, Paddick 2000). 

The CI is the ratio of the prescription isodose volume and the target volume 

while the PCI (equation 2.3) is the product of coverage and selectivity. Hence, 

the PCI measures both under-treatment and normal tissue irradiation with 

respect to the target structure. It therefore combines the coverage and 

selectivity, which often are complementing metrics, into one value in the 

range of 0-100% with acceptable values ≥85% (Torrens et al. 2014).  

 

                             𝑃𝑎𝑑𝑑𝑖𝑐𝑘 𝑐𝑜𝑛𝑓𝑜𝑟𝑚𝑖𝑡𝑦 𝑖𝑛𝑑𝑒𝑥 =
𝑇𝑇𝑉

𝑇𝑉
 𝑥 

𝑇𝑇𝑉

𝑃𝐼𝑉
                2.3  
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GI describes the dose fall-off outside the prescription isodose volume and is 

the ratio between the prescription isodose volume and half of the prescription 

isodose volume (equation 2.4), an accepted value of the GI is normally below 

3 (Paddick and Lippitz 2006).  

 

                                           𝐺𝑟𝑎𝑑𝑖𝑒𝑛𝑡 𝑖𝑛𝑑𝑒𝑥 =
𝑃𝐼𝑉/2

𝑃𝐼𝑉
                                2.4  

 

Efficiency index (η50%) is a plan quality index that assesses dose conformity 

and gradient in one value (Dimitriadis et al. 2018). It is calculated by the ratio 

of integral dose in target volume and integral dose of 50% of the prescription 

isodose volume where PIV is the prescription isodose volume (equation 2.5).   

 

       𝜂50% =
𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑙 𝑑𝑜𝑠𝑒 𝑇𝑉

𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑙 𝑑𝑜𝑠𝑒 𝑃𝐼𝑉50%
 =  

𝑀𝑒𝑎𝑛 𝑑𝑜𝑠𝑒 𝑇𝑉  𝑥 𝑉𝑜𝑙𝑢𝑚𝑒 𝑇𝑉

𝑀𝑒𝑎𝑛 𝑑𝑜𝑠𝑒 𝑃𝐼𝑉50%  𝑥 𝑉𝑜𝑙𝑢𝑚𝑒 𝑃𝐼𝑉50%
       2.5  

 

Dose fall-off and DVHs are also used in treatment plan evaluation (Drzymala 

et al. 1991, ICRU report 50 1993, ICRU report 83 2010). They show the 

percentage of a contoured volume as a function of dose. Figure 2.3 shows as 

example the DVHs for 12 different plans for a cavernous sinus meningioma 

case with an OAR in the proximity of the target. The clear separation between 

target DHVs and OAR DVHs is facilitated by the steep dose fall-off and the 

fact that no shots are positioned within the OARs.  

 
Figure 2.3. Examples of dose volume histograms for the target and one of the 

OARs for a cavernous sinus meningioma case. Several (12) plans were 

available for the same case. One color corresponds to a set of curves from one 

given plans. 

 



27 
  

The visual assessment of the isodose lines on the morphological images in 

the treatment planning software, as exemplified in Figure 2.4, is also used in 

the plan evaluation providing spatial information that plan statistics do not 

provide. Isolines of the target (red), the brainstem (orange) and left optic 

nerve (blue) are superimposed on an axial magnetic resonance image together 

with the prescription isodose line – the 50% isodose line (yellow) and the 

25% and 10% isodose lines (green). The multi-isocentric character of a 

Gamma Knife® dose distribution is illustrated by the red circles where each 

circle corresponds to one isocenter in this axial image. 

 

 
Figure 2.4. Screenshot from Leksell® GammaPlan® showing isodose lines 

superimposed on an anatomical magnetic resonance image for a cavernous 

sinus meningioma case. The isodoses (10, 25, 50 and 90% of the maximum 

dose) are shown as percentage of the maximum dose and the yellow line 

corresponds to the prescription isodose (50%). The red, orange and blue 

contours correspond to target, brainstem and left optic nerve, respectively.  
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3. Contouring and planning variability 

 

 

 

Errors in radiation therapy can be divided in random errors and systematic 

errors. Random errors are affecting a measured quantity differently for every 

measurement while the systematic errors are introduced with equal effect for 

each measurement (van Herk et al. 2000). The random error is difficult to 

control while the systematic error is minimized in radiation therapy by 

standardized consensus protocols, quality assurance and training. In 

fractionated radiation therapy treatments, systematic errors affect the 

measured quantity equally during all fractions while the random errors might 

be introduced with variable effect for each fraction. Contouring variability 

could be viewed as a random error when looking at the inter-observer 

variations, while it could be regarded as both a systematic and random error 

in the intra-observer perspective when the observer dependent variation is 

analysed. Imaging and protocol dependent variations could be viewed as 

systematic uncertainties both in the inter- and intra-observer perspective with 

the possibility of minimization. The remaining error difficult to control is 

observer dependent but it can be managed by training and protocol 

compliance. An observer can contour a target repeatedly to establish the intra-

observer variation (Dubois et al. 1998). By viewing it as a systematic error 

and by steering the observer towards consistency in the contouring, it could 

be minimized. 

Accurate contouring of target and OAR volumes is a central and important 

step of radiation therapy treatment planning. It depends on the appropriate 

use and interpretation of images and can often be highly time consuming 

(Vorwerk et al. 2014). Anatomical and functional images are only 

representations of the normal tissue and pathological changes and the size, 

shape and location of the target lesion may be open to more than one 

interpretation. In radiation therapy, the main uncertainty in contouring lies in 

the definition of the GTV and CTV – accounting for the GTV and possible 

tumor infiltration. It has been indicated that target and OARs definition is a 

dominant source of uncertainty in radiation therapy already a decade ago, 

additional to target motion and patient setup (Weiss and Hess 2003, Rasch et 
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al. 2005, Steenbakkers et al. 2006, Njeh 2008, van Mourik et al. 2010) and 

this problem persists to this day (Segedin et al. 2016). The major challenge to 

be solved is therefore the definition of target volumes leading to variations in 

contouring. Consequently, accuracy in target and OARs definitions could be 

viewed as a precondition to high quality treatment planning.   

Numerous studies, going back more than two decades, have evaluated the 

variability in volume contouring and the metrics used are almost as abundant 

as the number of studies itself. Furthermore, the number of participants, 

imaging methods and use of statistical tests are varying among the studies 

(Weiss and Hess 2003, Jameson et al. 2010, Fotina et al. 2012, Vinod et al. 

2016). Determining the correlation of results in inter-study comparisons, or 

to determine the effect of variability in terms of patient outcome, is therefore 

deemed difficult if not impossible. This is not only dependent on the 

numerous metrics applied but also stems from the lack of homogeneity in 

study design; radiation therapy technique, diagnostic and dosimetric factors. 

The majority of studies focus on the variability in contouring and only a 

fraction focus on the dosimetric impact. In fact, a review by Vinod et al. 

(2016) identified 25 studies which evaluated the dosimetric impact, in terms 

of dose coverage and impact on OAR DVHs, among 119 contouring 

variability studies. The dosimetric impact should be considered the 

significant factor together with the evaluation of clinical outcome (Van de 

Steene et al. 2002), training (Dewas et al. 2011, Schimek-Jasch et al. 2015) 

and normal tissue toxicity (Van de Steene et al. 2002). The variability in 

contouring of target and OARs could have a decisional impact on the 

treatment plan. Differences in contouring of pathological targets and 

anatomical structures, i.e. tumors and OARs respectively, are therefore 

essential to evaluate. Pathological targets can have complex shapes and 

various sizes while OARs are normal tissues and therefore a smaller 

contouring variability should be expected due to the education and experience 

in the contouring practice. A geometrical contouring error resulting in the 

exclusion of tumor tissue could result in a lower tumor control while normal 

tissue complications could be the consequence in a similar scenario for the 

OARs. In many aspects there is a fine balance between tumor coverage and 

keeping below ATDs for OARs especially for highly conformal techniques 

such as the Gamma Knife® where OAR’s could be located close to the border 

of a target.  
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3.1 Contouring variability in radiosurgery 

 

The high-dose conformity techniques available today leave little room for 

error in contouring due to the steep dose fall-off in normal tissues. Gamma 

Knife® radiosurgery, is not used at its full potential because of the limited 

accuracy in the definition of the targets and normal tissues. The literature on 

target contouring variability for targets in the brain treated with SRS is 

restricted to a few studies with results that surpass the accuracy of the 

technique itself (Buis et al. 2005, Yamazaki et al. 2011, Stanley et al. 2013, 

Sandström et al. 2014 - Paper I, Sandström et al. 2018 - Paper II).  In Gamma 

Knife® radiosurgery, the uncertainty might be considered in the delineation 

of the target volume, or GTV, without adding an explicit margin to account 

for other uncertainties. These uncertainties are not evened out by fractionation 

nor margins and could be regarded as the major factor contributing to the total 

uncertainty and could in the end affect the outcome of treatment. 

 

The initial step of solving the problem of contouring variability in SRS is to 

identify its extent and an attempt to do this was reported in Papers I and II 

(Sandström et al. 2014, Sandström et al. 2018) and Paper III (Sandström et 

al. 2016) involving tumors and OARs, respectively. High variability in target 

and OARs contouring was discovered for complicated targets (Sandström et 

al. 2014) as well as for more common targets (Sandström et al. 2018). The 

clinical data in the study on complicated targets, involving an anaplastic 

astrocytoma and a cavernous sinus meningioma was consciously chosen to 

be prone to variability in contouring due to the infiltrative character of the 

anaplastic astrocytoma and the proximity to OARs for the cavernous sinus 

meningioma. The resulting variability was surprisingly high (range of 

contoured volumes 1.7-21.5 cm3 for anaplastic astrocytoma), and the study 

was therefore repeated with targets regarded as common in Gamma Knife® 

radiosurgery. Definition of the common targets lies in the fact that they are 

frequently treated at Gamma Knife® centres around the world. The study 

design remained the same except the instructions for prescription doses which 

were not pre-defined in the study regarding the common targets (Paper II, 

Sandström et al. 2018). This was assumed to minimize the bias on the clinical 

practice at each Gamma Knife® site involved in the study. Thus, the results 

are expected to reflect the contouring and the planning routine at 12 different 

Gamma Knife® centres without influence from the study designer. Figure 3.1 

shows three of the cases included in Paper II, a cavernous sinus meningioma, 
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a pituitary adenoma and a vestibular schwannoma - example images from the 

TPS and images of the overlapping contours in one image slice by all 12 

observers participating in the delineation and planning study. 

 
Figure 3.1. Example images from the Leksell® GammaPlan® for (A) 

cavernous sinus meningioma, (B) pituitary adenoma and (C) vestibular 

schwannoma together with (D, E, F) the corresponding overlapping contoured 

target structures of one slice in the bottom panels. Panels A, B and C are 

adapted from the supplementary material in Paper II. Panels D, E and F are 

adapted from Paper IV. 

 

In addition to this, in the analysis of OARs included in Paper III, a 

surprisingly high variability was found as well with contoured volumes in the 

range of 0.06-0.21 cm3 and 0.003-0.20 cm3 (left and right optic tract), 0.33-

0.61 cm3 (left optic nerve) and 0.09-0.61 cm3 (chiasm) for the cavernous sinus 

meningioma (Sandström et al. 2016). Substantial differences in the actual 

volumes was observed as well as in the nomenclature, imaging used, ATDs 

and part of structure included in a specific OAR. An example for the results 

on the OARs study is the optic apparatus where numerous contouring 

methods were applied. Differences span from including the whole optic 

apparatus in one structure as the anatomical volume, to dividing it in several 

sub-structures or to simply contour the part of the apparatus in the proximity 

of the target – a planning OAR volume (PRV). Analysis was proven difficult 

due to the large disagreement in the basic definition of OAR structures.  

To be able to confirm the need for brain SRS contouring guidelines, studies 

on contouring variability such as these in which it was reported that the 

variability in contouring is high when no contouring protocol is provided to 
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participants, are necessary. The need for contouring guidelines and a 

standardized treatment planning protocol is reported for other tumor sites as 

well (Riegel et al. 2006, Castro Pena et al. 2009, Genovesi et al. 2011, 

Toussaint et al. 2016). It is therefore important to be able to identify the 

factors contributing to the variability in target and OARs contouring to be 

able to minimize their influence. The choice and interpretation of imaging 

methods and the experience and training of the clinician performing the 

delineation, are some of the possible factors influencing the contouring 

methodology which in turn might impact the resulting contours.  

 

3.2 Treatment planning variability in radiosurgery 
 

Variability in treatment planning is a consequence of the contouring 

variability together with the planning software options, as described in 

section 2.4, and planning methodology.  

Treatment planning for Gamma Knife®, using the Leksell® GammaPlan®, 

is mostly manually performed with assistance of an option for semi-automatic 

segmentation. This results in the possibility that the practitioner’s 

methodology impacts the resulting plan. The number of degrees of freedom, 

i.e. selection of isocenter positions, collimator sizes etc., in the TPS software 

enables dose sculpting considering the shape of the volume to receive the 

prescription dose, the dose fall-off at borders close to OARs and generally the 

dose to the normal tissue.  

Figure 3.2 is an illustration of four plans for one single spherical example 

target generated in the Leksell® GammaPlan®. The yellow line corresponds 

to the prescription isodose volume (PIV) and the successive green lines 

follow the PIV/2 and PIV/4. The plans are quite different and show how the 

treatment planning can be methodologically performed.  
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Figure 3.2. Illustration of four planning methodologies for Gamma Knife 

radiosurgery of a spherical target. Various prescription isodoses and number 

of shots are used; (A) 20 Gy to the 28% isodose with one 8 mm shot, (B) 20 

Gy to the 93% isodose with one 16 mm shot, (C) 20 Gy to the 50% isodose 

with 25 4 mm shots and (D) 20 Gy to the 50% isodose with 14 mixed 

collimator shots. Yellow, pink and green isolines correspond to the 50% 

isodose, the target contour and the 10 Gy and 5 Gy isodoses, respectively. Cov 

= coverage, Sel = selectivity and BOT = beam-on-time. (Figure courtesy to 

Pierre Barsoum from Karolinska University Hospital). 

These four examples do not use composite shots nor variable weighting of 

sectors which could add complexity and be another source of variation in 

planning. Plan quality parameters are within reasonable values for all four 

plans making them clinically acceptable. However, the maximum dose and 

average dose inside the target differ to a large extent. Plans A and B have a 

twofold difference in the average dose (41 Gy and 21 Gy) while the average 

dose between plans C and D only differ by 3% (average dose between 28 and 

30 Gy). Prescription isodoses differ to a large extent as well between plan A 

and plan B which is the cause of the difference in average doses. Prescription 

doses are equal in all four plans, but in A the prescription isodose is 28% and 

in B 93% resulting in maximum doses of 71 Gy and 21 Gy. Maximum doses 

in plan C and plan D are equal, 40 Gy. Coverage and selectivity ranges 

between 99-100% and 79-93%, respectively for all four plans making them 

clinically acceptable. The number of shots is for plan A and B one, resulting 
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in beam-on-time of 23 minutes (plan A) and 6 minutes (plan B) while the 

beam-on-time is extended in plans C and D (69 and 41 minutes, respectively). 

This example illustrates the influence of the prescription isodoses on the 

treatment plan modification and the variation of a resulting treatment plan for 

a small target with no complexity in shape. Prescription isodose is commonly 

set to 50% to allow for both normal tissue sparing as well as dose escalation 

within the target. 

In Paper V, the variability in treatment planning for eight targets relevant for 

Gamma Knife® radiosurgery was evaluated. Twelve experts completed a 

treatment plan for five of the cases regarded as common and twenty experts 

completed a plan for the last three cases regarded as complicated. The data 

were analysed with respect to the variability in prescribed doses at voxel 

level, differences in average doses and prescription doses and variability in 

treatment planning related to contouring.  

 

Figure 3.3. Highest (dark blue) and lowest (light blue) planned dose in each 

voxel for two complicated cases where the anaplastic astrocytoma is included 

in Paper I (top) and two cases from Paper II – the contouring analysis of 

common cases (bottom). Voxel index represents the number of voxels and y-

axis shows the absolute value in dose (Gy). Voxel size is 0.5x0.5x0.5 mm3. 

Figure is adapted from Paper V. 

Results showed a high disagreement at voxel level between the highest 

and lowest prescribed doses. Figure 3.3 shows the maximum (dark blue) 
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and minimum (light blue) planned dose to each voxel for four cases: an 

anaplastic astrocytoma and a vestibular schwannoma among the 

complicated cases where the anaplastic astrocytoma is included in the 

contouring analysis from Paper I (Sandström et al. 2014) and a cavernous 

sinus meningioma and a vestibular schwannoma from the patient data in 

Paper II (Sandström et al. 2018). This is calculated for a matrix conformal 

to the encompassing contour, the contour encompassing the union volume 

contoured by all observers (AV100/N). Figure 3.4 shows the difference in 

planned doses in each voxel, based on the data from Figure 3.3. The 

difference in the planned dose, between the complicated and common 

cases corresponding to the top figures and bottom figures respectively of 

Figure 3.3 and Figure 3.4, indicates a dependence on the variability in 

contouring. 

 

Figure 3.4. Difference between the minimum and maximum planned dose in 

each voxel for two complicated cases where the anaplastic astrocytoma is 

included in Paper I (top) and two cases from Paper II – the contouring analysis 

of common cases (bottom). Voxel index represents the number of voxels and 

y-axis shows the absolute difference in dose (Gy). Voxel size is 0.5x0.5x0.5 

mm3. Figure is adapted from Paper V.  

The variability in planned doses on voxel level for all eight cases is very high 

throughout the encompassing contoured volume, the minimum volume 

including the volumes contoured by all the participants in the study. The lack 

of a planning protocol therefore mirrors the high variability in contouring. A 
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geographical disagreement problem is therefore induced at the contouring 

and propagated and exceeded in the treatment planning process. This is 

especially shown for the anaplastic astrocytoma case in Figure 3.3 where a 

large volume is subject to a large difference in planned doses – a consequence 

of the contouring variability. To further illustrate the complexity of the 

problem, Figure 3.6 shows the PCI for all combinations of plans and contours 

for a case of cavernous sinus meningioma generating a total of 144 values for 

12 plans. This analysis was done for all cases in Paper II and the pass-rate 

(number of plans approved according to recommended values of 

coverage≥0.95 and selectivity≥0.90) was ranging for coverage from 20% 

(cavernous sinus meningioma) to 77% (large metastasis) and for the 

selectivity from 44% to 88% (for cavernous sinus meningioma and vestibular 

schwannoma, respectively). Similar analysis was performed for the coverage 

of each plan related to the 50% agreement volume, the average target on 

which half of the participants agreed regarding delineation, with a pass-rate 

of 50% and 83% for the cavernous sinus meningioma and vestibular 

schwannoma, respectively.  

 

Figure 3.5. Paddick conformity index, for all combinations of contours and 

plans, for a cavernous sinus meningioma case. 

The resulting differences in the plan metrics, i.e. coverage and selectivity, can 

also be analysed similarly to the analysis in Figure 3.5, where all possible 

contours are combined with all plans to generate a distribution of metrics. 

This matrix will include all combinations of treatment plans (i.e. dose 

matrices) on the x-axis and all contours on the y-axis. Coverage and 

selectivity are thereafter calculated for each element in the matrix, 

corresponding to a pair of contour and plan. By transforming this to a binary 
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matrix in which all values above the clinically accepted value (coverage ≥ 

0.95, selectivity ≥ 0.90) for each plan, are given the value of 1 and all others 

0, a map is generated. Green points represent values above the clinically 

accepted values and red points are below. This is a simple illustration of the 

distribution in plan metrics. A similar distribution can also be calculated for 

all elements within the matrix corresponding to approved plans in terms of 

both coverage and selectivity. Figure 3.6 shows an example for two cases – 

one cavernous sinus meningioma and one pituitary adenoma. The diagonal 

elements of the resulting matrices correspond to the match between a contour 

and the nominal plan that was initially made for it. Ideally, if all the nominal 

plans made for a given contour were clinically acceptable in terms of 

coverage and selectivity, the values from the top left to the bottom right 

corner should be green (approved) corresponding to a diagonal line. Figure 

3.6 clearly illustrates the wide variability in plan approval and the lack of 

standardized values of acceptance. Results of this analysis are based on the 

reported accepted values for coverage and selectivity. Clinical plans could be 

accepted with a lower weight on the selectivity which has been discussed in 

section 2.5. 

Sandström et al. (2016) – Paper III – also found that the OARs in the 

proximity of the target are not only contoured differently, as anatomical 

volumes or PRVs, but are also subjected to a range of different doses rendered 

by differences in planning. When analyzing the dose to the encompassing 

contour, which surrounds the whole volume, AV100/N, viewed as the structure 

of interest, ATDs were exceeded for several plans. Figure 3.7 shows the 

highest doses to a small volume of OARs contoured for Gamma Knife® 

radiosurgery. Bar values represent the dose to the original contoured OAR, 

the dose to the total encompassing OAR contour (corresponding to AV100/N) 

taking all contours into account and the dose to the average contour – the 

contour encompassing the volume that at least half of the observers agree on 

(AV50). Left figure corresponds to the left optic nerve contoured by 11 

observers for a cavernous sinus meningioma case and the right figure 

corresponds to the cochlea contoured by 6 observers for a vestibular 

schwannoma case. 
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Figure 3.6. Illustration of the pairing of all target contours with all possible 

treatment plans for a cavernous sinus meningioma (left) and a pituitary 

adenoma (right), coverage (top), selectivity (middle) and both coverage and 

selectivity (bottom). Combinations that fulfil the criteria for clinical approval 

are shown in green (coverage ≥ 0.95, selectivity ≥ 0.90).  
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Figure 3.7. Maximum doses to a 1 mm3 volume element within an OAR for 

(left) the left optic nerve contoured by 11 observers for a cavernous sinus 

meningioma and (right) the cochlea contoured by 6 observers for a vestibular 

schwannoma case. Bars represent the (blue) maximum dose to that particular 

organ at risk in the nominal plan, (red) maximum dose to the AV50 and 

(yellow) maximum dose to the encompassing volume (AV100/N) of each OAR.  

This is one striking example on how the variability in contours affects the 

resulting plans by showing how the maximum dose in OARs varies in 

different plans for the same target. A review of normal tissue dose restrictions 

has been provided in the QUANTEC studies (Lawrence et al. 2010, Mayo et 

al. 2010) highlighting the lack of data and the variability in reporting doses 

to OARs in SRS planning. This emphasizes the importance of CNS and brain 

OAR contouring guidelines for SRS treatments. A difference in planned 

doses could also be expected in case of perfect consensus regarding the 

delineation of the structures as a result of the numerous options that the TPS 

provides in a forward planning approach.  

 

3.3 Analysis of multicenter contouring and planning data 

 

Numerous methods trying to quantify the inter-observer variation in 

delineation and planning have been described in the literature for several 

types of targets and OARs and many deals with overlapping volumes and 

indices derived from them (Vinod et al. 2016, Sandström et al. 2014 - Paper 

I, Sandström et al. 2016 - Paper III, Sandström et al. 2018 - Paper II). Methods 

dealing with overlapping structures often apply a voting rule to estimate the 

corresponding volume to a given level of consensus. The value of the voting 

determining the volume is arbitrary. One reported value for the voting 

parameter is 50% agreement corresponding to the AV50 (Sandström et al. 
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2014 – Paper I, Sandström et al. 2016 – Paper III, Sandström et al. 2018 – 

Paper II, Sandström et al. 2019 – Paper IV, Francolini et al. 2019).  

Sandström et al. (2014) - Paper I proposed a method that derives the average 

target, corresponding to the AV50, in an inter-observer contour delineation 

study based on an agreement matrix where each voxel has a value between 0-

N, where N is the total number of segmentations (available contours) for that 

particular target. An exemplifying illustration is showed in Figure 3.8 with 

four overlapping contours generating the encompassing volume (AV100/N), 

common volume corresponding to 100% agreement (AV100) and AV50. 

Voxels that are included by all observers in this example, all voxels with a 

value of 4 belong to the AV100, while all non-zero voxels, all voxels included 

by any of the observers, belong to the AV100/N. N is the number of observers. 

The right figure shows the resulting surface plots of the AV100, AV100/N and 

AV50.  

 

Figure 3.8. Example illustrating the overlapping agreement volumes. (A) 

contours are visualized and analysed together and (B) transformed to a binary 

format. (C) is an example of the result for a cavernous sinus meningioma 

where blue is the AV100, red the AV50 and light blue is the AV100/N. 

This method is not limited to the number of structures analysed and, 

furthermore, does not limit the user to calculating only the AV50 as the 

agreement matrix can be segmented based on the level of agreement of 

choice. Hence, this method is similar to the voting rule where the volume is 

equal or larger than the one corresponding to a majority vote. An illustration 

of the agreement matrix is shown in Figure 3.9 for a cavernous sinus 

meningioma case where 12 contours have been added in a binary format. 

Values in the image correspond to normal tissue (value 0-black), complete 

agreement (value 12-white) and levels of agreement in between. In this way, 

the values between zero and N are a measure of different levels of agreement 

(Sandström et al. 2018 - Paper II). This analysis also provides information on 

the volume of normal tissue corresponding to a given delineation of the target. 



42 
  

Regions with values between 1/N and (N-1)/N (i.e. all regions with values not 

equal to 1 or 0) reflect the uncertainty with respect to the volume of the 

normal tissue.   

 

Figure 3.9. Agreement levels for a case of cavernous sinus meningioma 

contoured by 12 experts. (A) shows six slices of the agreement matrix and (B) 

one example slice illustrating the levels from complete agreement (black and 

white) through all levels in between.   

From these maps, volumes of interest and their agreement level can be 

determined and compared, visually and quantitatively. Another example of 

how the agreement levels can be visualized is displayed in Figure 3.10, where 

isolines show different levels of agreement. A region of higher value indicates 

a higher agreement between the delineated structures. Isolines based on 

contouring agreement can be superimposed on morphological images for a 

quantitative analysis of the contouring variability. This analysis can be used 

to quantify the variability of two or more contoured structures. Although 

widely used in the literature, the downside of these metrics is the dependence 

on the number of participants in the study and hence the number of analysed 

structures. The AV100 can remain unchanged but by no means becomes larger 

with additional structures added. By adding a volume to the existing analysis, 

the resulting AV100 will remain the same, if the added volume completely 

encompasses the previous AV100 or lower the AV100 in the case of 

disagreement with the previous analysis. 
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Figure 3.10. Example of agreement levels for (A) cavernous sinus 

meningioma and (B) pituitary adenoma. The color bar corresponds to the level 

of agreement where blue is the highest level and outer isolines correspond to 

higher levels of disagreement. The outermost region is the union (AV100/N) of 

all contoured structures while the innermost region is the intersection (AV100). 

The generalized conformity index (CIgen) was added to the analysis in Paper 

III which is independent on the number of segmentations included 

(Sandström et al. 2016, Kouwenhoven et al. 2009). CIgen is calculated from 

all possible pairwise combinations of segmentations according to equation 

3.1, where each segmentation follows the binary formalism described in 

Figure 3.8 and N is equal to 2. CIgen is calculated as the sum of the ratios of 

intersection to union of all possible pairs (i,j) of segmentations.  

                           𝐶𝐼𝑔𝑒𝑛 =  
∑ |𝐴𝑖∩𝐴𝑗|𝑝𝑎𝑖𝑟𝑠 𝑖 𝑗 

∑ |𝐴𝑖∪𝐴𝑗|𝑝𝑎𝑖𝑟𝑠 𝑖 𝑗 
                             3.1 

An index to quantify the contouring variability by comparing targets to each 

other, is the Agreement Volume Index (AVI) which has been described in the 

literature under different nomenclatures but with the same calculation method 

(Yamamoto et al. 1999, Fox et al. 2005, Voroney et al. 2006,  Petersen et al. 

2007, Hurkmans et al. 2009, Li et al. 2009, Altorjai et al. 2012, Sandström et 

al. 2016 – Paper III, Sandström et al. 2018 – Paper II). The majority of the 

studies are however not dealing with large data sets. AVI is defined as the 

ratio of common- to encompassing volume (AV100 / AV100/N) and has an ideal 

value of 1. Similar to the AV100 and AV100/N, this index is dependent on the 

number of participants in a contouring study. 

 

Sandström et al. (2014) - Paper I presented another method for determining 

and displaying the contouring variability, illustrated in Figure 3.11 as 

spherical iso-surfaces of the AV100, AV50 and AV100/N. This is done by simply 
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converting the volume of a structure to a sphere and allowing for a simplified 

illustration of the geometrical differences in volumes. 

As already mentioned, for a given set of structures representing the target(s) 

and OARs, treatment planning for Gamma Knife® radiosurgery provides 

numerous options for the planner including number and sizes of shots, 

weighting of shots, prescription dose and isodose. The options for planning 

analysis are also abundant and the relevant parameters need to be evaluated. 

Analysis can be performed with respect to either tumor control (i.e. target 

coverage, average dose to target, prescription dose and prescription isodose) 

or normal tissue complications (i.e. target selectivity, dose fall-off, dose to 

OARs and the 12 Gy volume).  

 

Figure 3.11. Spherical representation of the (A) AV100 (red), AV50 (green) and 

AV100/N (yellow) for a cavernous sinus meningioma contoured by 12 experts. 

(A) shows the actual volumes and (B) show the corresponding spherical 

volumes.  

Another important aspect in the analysis of treatment planning data is related 

to the geometrical differences between dose distributions otherwise similar in 

terms of maximum, prescription doses or average doses. Several methods of 

analysis could therefore be applied as, for instance, the calculation of the 

relative standard deviation at voxel level in a set of data consisting of different 

plans made by different observers for the same clinical case. Figure 3.12 is 

an illustration of this type of analysis and shows the relative standard 

deviation in each voxel of an anaplastic astrocytoma case planned by 16 

experts. The relative standard deviation is calculated in each voxel from the 

16 treatment plans made by experts where the prescription dose was 16 Gy in 

all plans. The relative standard deviation relates the standard deviation to the 

mean value in each voxel, in other words how clustered the data is around the 
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mean value and shows the precision in the data. A binary mask was applied 

to the volume receiving the prescribed dose or higher and the AV100/N was 

calculated. Voxels outside the AV100/N of the volumes receiving the 

prescribed doses were removed since the average doses in these voxels were 

in the same range as the difference of individual values giving a high relative 

standard deviation although the differences were de facto small. The relative 

standard deviation is, in this example, high with values up to 180% of the 

mean value in all voxels.  

 

Figure 3.12. Examples of voxel specific relative standard deviation in four 

slices for plans made for an anaplastic astrocytoma case. Calculations are 

based on 16 treatment plans with a prescription dose of 16 Gy. All voxels not 

belonging to the union of all prescribed dose volumes are left outside the 

analysis and assigned the zero value in the plots. Values of the relative 

standard deviation are given as percentages of the mean value in each voxel. 

Axis legends are defined in the Leksell® GammaPlan® treatment planning 

system.  
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4. Clinical implications of variability in 

contouring and planning 
 

 

 

The relevance of ensuring consensus regarding the contouring for SRS should 

be discussed in the clinical context by looking at treatment outcome data for 

targets treated with Gamma Knife® radiosurgery. The high success of the 

treatment for many clinical indications, on one hand, has been considered an 

argument for disregarding the issue of contouring variability. The consistent 

poor treatment outcome for targets considered to be particularly resistant to 

SRS, on the other hand, was also used as an argument against the need for 

improvement in target delineation. However, technical progress both on the 

diagnostic side as well as in treatment delivery of radiation therapy will be 

stalled if not proper efforts are taken with respect to better definition and 

delineation of the key structures. This section will, for this reason, be 

dedicated to a listing of treatment outcomes in terms of overall survival and 

tumor control rates for some of the largest groups of lesions treated with 

Gamma Knife® radiosurgery. This will be put in relation to the risk of 

toxicities and influencing factors (such as volumetric and dosimetric factors).  

Treatment of metastases comes with rather poor prognosis and it is dependent 

on several factors such as target size and location, primary tumor histology, 

number of lesions, choice of treatment fractionation and other dosimetric 

factors, with reports between 5 and 21 months in terms of median overall 

survival (Gerosa et al. 2002, Petrovich et al. 2002, Sneed et al. 2015, Kim et 

al. 2018, Park et al. 2019, Yamamoto et al. 2019). The tumor/local control 

rates for metastases of different sizes and origin are in the range of 77%-93% 

with variable follow-up (Gerosa et al. 2002, Faramand et al. 2019, Park et al. 

2019). Metastases are the main targets for Gamma Knife® treatments (47% 

of treated lesions between 1968 and 2017 (Leksell Gamma Knife Society 

2017) and adverse radiation effects factors are the size and location of target 

volume, previous SRS treatments of the same target in case of recurrence or 

hypo-fractionation of larger lesions, prescription isodose and the volume of 

the brain receiving more than 12 Gy or 10 Gy (V12 and V10) (Minniti et al. 

2011, Sneed et al. 2015, Aiyama et al. 2018). A comprehensive review of the 
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correlation between the volume of the brain receiving more than 12 Gy and 

radiation necrosis was provided in the paper by QUANTEC (Lawrence et al. 

2010). In this review, complication endpoints (radiation necrosis, 

neurocognitive decline) are correlated to the V12, the volume of the target or 

to the plan conformity which in turn affects the volume of normal brain 

irradiated. The variability in the size of these volumes is correlated to the lack 

of standardization in contouring and planning.  

Similar correlation between the V12 and toxicity has been found for other 

targets such as arteriovenous malformations (AVMs – a functional target 

where abnormalities occur in the connection between arteries and veins) 

(Kano et al. 2012, Hayhurst et al. 2012).  

Other malignant targets such as high-grade gliomas and glioblastomas 

constitute a small fraction of the indications treated (1-2%, Leksell Gamma 

Knife Society 2017) and outcomes are worse.  

The success of treatment for benign targets is relatively high. Studies have 

shown treatment outcome for cavernous sinus meningiomas in terms of 

progression free survival at 5 years of 93.6% based on more than 2000 

patients (Leroy et al. 2018). Meningiomas are the second largest group of 

indications treated with the Gamma Knife®, 17% of all treatments worldwide 

as of 2017. This is followed by vestibular schwannomas which comprise 12% 

of all lesions treated (Leksell Gamma Knife Society 2017). Examples of 

treatment outcomes for vestibular schwannomas are: 7-year progression free 

survival 78% (Troude et al. 2018), tumor control of 98.1% with a follow-up 

of 12-192 months (Tucker et al. 2019) and tumor control of 90.7% with a 

minimal follow-up of 3 years (Lefranc et al. 2018).  

The discussion about the potential correlation between the V12/V10 and 

complication probability was included in Paper V (Sandström et al. 2019) 

where the size of these volumes was reported for nominal plans created for 8 

radiosurgery cases. This was compared to the V12 and V10 calculated for 

optimized plans as well as a robust plan taking the uncertainty in contouring 

into consideration. As an example, the 12 Gy volume was in the ranges of 

6.2-32.0 cm3 (arteriovenous malformation), 4.4-39.5 cm3 (anaplastic 

astrocytoma), 6.7-12.4 cm3 (cavernous sinus meningioma), 2.2-4.0 cm3 

(pituitary adenoma), 18.5-30.0 cm3 (large metastasis) and 0.6-11.2 cm3 

(vestibular schwannoma) in the nominal plans. Figure 4.1 illustrates the 

differences in size and location when the methodology based on agreement 
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volumes is applied on the volumes receiving at least 12 Gy for one target. By 

applying a mask that sets all values ≥ 12 Gy to one and all other values to 

zero, the agreement map can be generated. The range is between complete 

agreement (white) and lower levels of agreement (yellow-dark red) and the 

color bar shows the number of participants.  

 

Figure 4.1. Variability in the 12 Gy volume in four slices for one case of 

anaplastic astrocytoma. The color bar shows the number of participants. Axis 

values correspond to the Leksell® GammaPlan® coordinate system. 

Minniti et al. (2011) found the V10 and V12 to be predictors of radiation 

necrosis in patients treated with SRS and their result is consistent with other 

published data. Blonigen et al. (2010) reported a significant risk of radiation 

necrosis when V10 and V12 exceed 14.5 cm3 and 10.8 cm3 respectively for 

brain metastases treated with SRS. Another analysis for intracranial SRS with 

the Gamma Knife® showed a rapid increase in radiation necrosis as the V12 

exceeds 10 cm3 (Korytko et al. 2006). In the review by QUANTEC 

(Lawrence et al. 2010), the volume of the brain receiving more than 12 Gy 

should be less than 5-10 cm3. However, they also state that it is impossible to 

make risk predictions based on the available published data due to the high 

variability in treatment parameters. A joint effort to increase the 

reproducibility in contouring and treatment planning can therefore increase 

the precision in risk prediction. This can, again, be aided by the 
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implementation of a standardized consensus protocol which might lower the 

contouring and planning variability and homogenize the treatment parameters 

reported. Analysis in Paper V shows the variable V12, resulting in difficulties 

comparing rival plans that might have similar conformity and dosimetry 

metrics such as the prescription dose and prescription isodose. If the overall 

control rates for many indications serve as a reason for disregarding the 

contouring variability, the possible impact on normal tissue should not. 

The importance of evaluating contouring variability is related to the 

management and improvement of the consistency in treatment delivery. 

Several statistical methods and metrics can be applied to the analysis of multi-

center contouring data, as described in previous section. Lack of homogeneity 

in the metrics applied in current published literature and the vast use of 

nomenclature in the raw data adds to the problem of inter-study comparisons 

(Fotina et al. 2012). Consistency in radiation therapy definitions and delivery 

is central to avoid observer dependent errors; this involves patient set-up, 

target and OAR definitions, dosimetry, volume definitions, OAR ATDs and 

follow-up and reporting. This can only be evaluated if appropriate data is 

collected and reduction could be achieved by compliance to a strict treatment 

protocol. Large uncertainties in the target and OAR contouring, resulting 

from protocol non-compliance or in absence of such, could impact the 

resulting dosimetry and might impact treatment outcome (Chang et al. 2017, 

Cloak et al. 2019). Standardization of treatment planning and delivery is 

therefore a crucial element in reduction of variability.  
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5. Potential mitigation of variability in 

structure contouring and treatment planning  
 

 

 

The issue of contouring variability incorporates many steps and an effort to 

resolve each of them could aid the minimization of the possible clinical 

impact of the variability. Standardization in the clinical workflow with 

respect to imaging, training etc. is a necessary initial step.  

Methods have been developed and used to find an optimal solution for the 

estimate of the ground truth where the absolute ground truth used for 

comparison is determined by one or several expert observers (Yang et al. 

2015, Tian et al. 2017, Cloak et al. 2019). Based on the published literature 

on contouring variability, an error might be introduced in the definition of a 

singular contour as the ground truth. As discussed previously in this thesis, 

the possible uncertainty in one individual structure contour could be regarded 

as a systematic error with the possibility of minimization.  

Atlas-based segmentation is an option for volume definition, where structures 

of interest are identified by comparison to an image atlas. Anatomical atlases 

are developed for the definition of anatomical structures and pathological 

volumes. Use of atlases have shown a reduced contouring variability (Cui et 

al. 2015, Mavroidis et al. 2014) and improved tumor control probability 

(Mavroidis et al. 2014). An alternative to atlas-based segmentation methods 

is emerging, segmentations based on machine learning techniques. The 

harmonized clinical data by compliance to standardized consensus protocols 

could be used as input in machine learning approaches for volume definition. 
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5.1 Finding the ground truth with respect to structure 

definition and delineation 
 

The true value of an objectively identified target or OAR structure is by its 

nature unknown. However, with the assumption that a best estimate, the true 

volume or ground truth, of a specific structure is known, each additional 

delineated volume could be analysed relative to the actual one in terms of 

accuracy and precision.  

 

A large number of expert segmentations can theoretically contain the 

information on the ground truth. The Simultaneous Truth and Performance 

Level Estimation (STAPLE) method is an iterative approach to calculating 

the ground truth and results in an estimation of individual performance 

characteristics in terms of sensitivity and specificity compared to the ground 

truth volume (Warfield et al. 2004). The accuracy is the level of similarity to 

the ground truth volume (0-1) (sensitivity) and the precision is the level of 

defining only the ground truth volume (0-1) (specificity). Accuracy is a 

measure that requires a reference standard and the precision is the 

reproducibility of a structure segmentation and in terms of the STAPLE 

method there is a balance of these two. Specificity is dependent on the amount 

of normal tissue that is included in the calculation since its value is relative 

to the normal tissue volume. In other words, it is a value describing the 

relative amount of normal tissue included in the calculation, surrounding a 

segmentation. Figure 5.1 illustrates this issue, showing the sensitivity and 

specificity as a function of normal tissue volume and the result is a clear 

improvement in the specificity with increased volume.  

The STAPLE ground truth volume is compared to each contour for the 

calculation of sensitivity and specificity. Figure 5.2 shows the STAPLE 

ground truth in terms of target contour (red) together with all individual 

contours in one example slice for three cases of metastases. In this example, 

a contour smaller than the ground truth would have a high specificity and a 

low sensitivity, excluding nearly all normal tissue but excluding a part of the 

ground truth segmentation. The opposite case is valid for a contour that is 

larger than the ground truth, encompassing a large fraction of the ground truth 

but also including a larger volume of normal tissue. 
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Figure 5.1. Illustration of the STAPLE calculated sensitivity (blue) and 

specificity (green) as function of the volume of the analysed matrix for three 

metastases of (A) 1 cm, (B) 2 cm and (C) 3 cm diameter. Each line 

corresponds to one expert segmentation compared to the ground truth.  

 

Figure 5.2. Illustration of the STAPLE calculated ground truth contour (red) 

together with 12 expert contours (blue) for three metastases of (A) 1 cm, (B) 

2 cm and (C) 3 cm diameter. Resolution is 0.5 mm in all directions.  

STAPLE has been used for generating the ground truth in studies with a 

limited set of delineations (Raman et al. 2018). Sandström et al. 2019 - Paper 

- IV performed a robustness analysis of this method for six cases commonly 
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treated with the Gamma Knife®. Twelve individual expert segmentations 

were available for each case and the ground truth was calculated and 

compared to the AV50, as illustrated in Figure 5.3, showing a high similarity 

between the two volumes. This stems from the algorithm that generated the 

ground truth volume, each input segmentation is weighted by the sensitivity 

and specificity resulting in an AV50 similar to the one calculated using the 

method of overlapping contours. Volumes with low sensitivity or low 

specificity will impact the ground truth with a lower weight and the resulting 

ground truth is similar to the AV50.  

 

Figure 5.3. Comparison of the AV50 and the STAPLE generated ground truth 

volume (ground truth volume) calculated for a metastasis. (A) shows the 

overlapping surface plots of the AV50 and ground truth volume, (B) shows the 

corresponding overlapping contours with areas of disagreement marked in 

red. Resolution is 0.5 mm in X and Y while Z correspond to the numbering of 

slices. 

Expert contours were thereafter randomly and repeatedly removed in sets 

including 1-6 contours and the ground truth was calculated for each set of 

contours removed, as described in Paper IV (Sandström et al. 2019). This step 

was repeated 250 times for each set of excluded contours. This approach 

allowed the evaluation of the robustness of the method with respect to the 

number of contours used as input by comparing the resulting values of the 

ground truth to the one determined for the maximum number of input 

structures, the AV50. Figure 5.4 shows the variability in the ground truth in 

one slice when up to 6 contours were randomly removed in the robustness 

analysis, showing a dependence on the number of input segmentations as the 

robustness decreases as the number of input segmentations decreases.  
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Figure 5.4. Robustness analysis of the STAPLE method for a cavernous sinus 

meningioma case showing overlapping segmentations of the ground truth 

volume where (A) 1 and (B) 6 segmentations are randomly removed 

repeatedly 250 times. Bottom panels show the example of the overlapping 

surface plots where (C) no contour is removed and where (D) 6 contours are 

removed.  

The ground truth is in many types of measurements an arbitrary quantity. In 

fractionated radiation therapy, the ground truth is the volume of abnormal 

tissue that needs to be eradicated (GTV) and a margin recipe will ensure the 

complete inclusion of the ground truth in the prescription dose volume. By 

adding margins accounting for microscopic spread, target movement and 

other uncertainties, target coverage is ensured. Margins and fractionation 

reduce the impact of errors in the definition of volumes and a good estimate 

of the ground truth could be sufficient in terms of high tumor control. 

Treatments with high dose conformity, on the other hand, need an accurate 

and precise definition of the target volume with a prerequisite that each 

contoured target is the best estimate of the ground truth.  

 

5.2 Reduction of contouring variability through 

standardization 
 

Consistency in treatment delivery is an important factor in treatment quality 

of radiation therapy. The consistency, in terms of standardization, relies on a 

common nomenclature which will facilitate data sharing, data mining at 
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home-centers, inter-study comparisons and automation in contouring and 

planning. Variability in target volume definitions is commonly reduced in 

radiation therapy by the introduction of contouring guidelines and atlases, 

something which is under development in SRS.  Radiation therapy in Sweden 

has adapted the nomenclature based on the report from Santanam et al. (2012) 

regarding targets as well as OARs. Other recommendations for radiation 

therapy treatment consistency have been published by other groups (Mayo et 

al. 2018, Kocher et al. 2014). 

It has been recognized that the variability in contouring and treatment 

planning in SRS is a reason of concern. A working group was therefore 

founded in 2012, supported by the Leksell Gamma Knife Society, with the 

task at hand to make the initial step in standardization of SRS treatments and 

develop recommendations regarding several steps in treatment planning and 

reporting. The first published paper by the standardization committee focused 

on merging the SRS dose reporting with the ICRU recommendations and 

consists of recommendations for target contouring, dosimetry and how doses 

are defined within OARs (Torrens et al. 2014). The intent was initially to 

provide recommendations for the reporting to Gamma Knife® users but 

ended up being universal to the radiosurgery community. By circulating the 

recommendations to members of the Leksell Gamma Knife society, 92% 

accepted the information in the document with a 13.9% attendance. 

Sandström et al. (2016) - Paper III studied, with the support of the 

standardization group, the current variability on OAR contouring and 

delivered OAR doses and found large inconsistencies in contouring, dose 

prescriptions, ATDs, applied imaging for contouring and delivered doses. 

Figure 5.5 shows an example from this study for the contoured left optic nerve 

by 11 experts for a cavernous sinus meningioma and by 10 experts for the 

pituitary adenoma case respectively. Bottom panels show the volumetric 

variability illustrated by the comparison of the AV100 and AV100/N. This is a 

clear example on how the lack of standardization might impact the resulting 

contours.  
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Figure 5.5. Volumetric comparison of the left optic nerve for (A, C) a 

cavernous sinus meningioma and (B, D) a pituitary adenoma. The actual 

volumes are shown in the top panels and a comparison between the common 

(AV100) to the encompassing (AV100/N) volumes in the bottom panels. Bottom 

panels are adapted from the supplementary material in Paper III.  

Figure 5.6 shows the parts of the overlapping OAR contours from the TPS 

for these two cases (cavernous sinus meningioma - left figure, pituitary 

adenoma - right figure). The variability in the whole optic apparatus is 

illustrated in Figure 5.7 for a cavernous sinus meningioma case including the 

optic nerves, chiasm and optic tracts. 

 

Figure 5.6. Image from Leksell® GammaPlan® showing the overlapping 

contours for the left and right optic nerves contoured by 11 and 10 expert 

planners for (A) a cavernous sinus meningioma and (B) pituitary adenoma, 

respectively. Figures adapted from Paper III.  
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Figure 5.7. Overlapping organs at risk contours for a cavernous sinus 

meningioma case. Top panels show the contours in one slice for the optic 

nerves, middle panel the chiasm and bottom panels the optic tracts. Axis 

values correspond to the Leksell® GammaPlan® coordinate system. 

Results of this study supported the need for SRS treatment standardization 

and several efforts have been published before and since. In 2014, the ICRU 

published a report on stereotactic treatments with small photon beams in 

single fraction cranial SRS and specifically addresses single fraction cranial 

SRS treatments as one of the topics (ICRU report 91 2014). Difference 

between report 91 and previous reports (ICRU report 50, 62 and 83) is the 

focus on small fields, high doses and hypo-fractionated/single fraction 

treatments. This report is in line with the publication by Torrens et al. (2014), 

the initial effort by the Leksell Gamma Knife Society Standardization 

committee. It gives specific recommendations regarding imaging for accurate 

target definition which is of special importance with small or non-existing 

margins coupled with high doses, dose prescriptions in terms of isodoses 

which is of interest in Gamma Knife® treatments, reporting of all steps in the 

chain of treatment and treatment parameters to take into consideration such 

as the dose conformity and dose fall-off. Dose inhomogeneities in SRS are 
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not addressed in previous ICRU reports where dose prescriptions were 

defined to a reference point. Report 91 defines a volumetric approach of 

prescription to an isodose that should have a certain coverage of the target 

contour. Recommended metrics of plan quality are included, which was 

lacking in previous reports, and the PCI and GI, relevant for brain SRS are 

reported. 

The American Association of Physics in Medicine (AAPM) Task Group 263 

published in 2018 a report on "Standardizing Nomenclatures in Radiation 

Oncology" - another publication that complements the previous work on 

standardization in SRS (Torrens et al. 2014, Sandström et al. 2016 – Paper 

III, Mayo et al. 2018). This report presents the variability in nomenclature for 

normal and target tissues with a higher variability for target structures. A list 

of guiding suggested nomenclature is provided that will reduce the variability 

and enable automated extraction of data and the possible cross-comparison 

between clinical centers. It also highlights the issue of file format standards 

that enables transfer of data between clinics and for research purposes. Digital 

Imaging and Communications in Medicine for Radiation Therapy (DICOM - 

RT) is the current data transfer standard format in radiation therapy allowing 

automatic extraction of data, if appropriate nomenclature is applied. An 

illustration of the DICOM - RTSS (Structure Set) file organization including 

basic layers and the corresponding sub-layers is shown in Figure 5.8. This file 

provides the coordinate information for all structures contoured and can be 

imported into another treatment planning software or analytical tool. It is 

furthermore the infrastructure of all contouring analysis in Paper I, Paper II 

and Paper III. Analysis of the treatment planning variability in Paper V 

followed a similar DICOM structure, the DICOM - RTDOSE, which provides 

dose matrices of the entire skull contour and target contour together with the 

coordinate positions of data.  
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Figure 5.8. Illustration of the DICOM-RTSS file providing the coordinate 

information for a contoured structure.  

The report by AAPM Task Group 263 identifies the problem of data 

restrictions in an exchange file format such as DICOM and the limitation of 

a standardized nomenclature, the applicability across all file-formats. 

However, besides being unique and easily adopted, the standardized 

nomenclature also needs to be understood by all users across disciplines. 

The central aim of standardization in the whole chain of radiation therapy or 

SRS is to improve consistency and homogenize the clinical practice. 

Narrowing it down to contouring and subsequently treatment planning, 

involving targets and OARs volumes, implies consistency in prescription 

doses and dosimetric volumes, target coverage and other quality metrics, 

relevant OARs in an anatomical site, OARs contoured as anatomical volumes 

or PRVs, terminology of reporting and structure nomenclature, OAR ATDs 

and imaging. In the end, this should improve tumor control and minimize 

normal tissue toxicities.  

The implementation of a standardized consensus protocol could prove quite 

demanding and requires dedication across disciplines. In the time we are now, 

where studies involving big data of some sort are emerging, this is a 

prerequisite and enables collaborations and continuous data collection and 
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sharing. Implementation is a big step for many clinicians and this may prove 

to be the toughest barrier to cross in a well-established SRS community. The 

Gamma Knife community, that relies on the artistry of the manual contouring 

and forward planning, implementation of major changes may prove to be 

challenging. A first step has been taken on the technical side with the 

development of a research version of an inverse planning tool for Leksell® 

GammaPlan® (Sjölund et al. 2019) and together with the implementation of 

a standardized consensus protocol, further progress can be achieved in the 

contouring of targets and OAR’s.  

 

5.4 Robust/probabilistic treatment planning 
 

As mentioned previously, the true extent and location of the volume of a 

given structure cannot be determined, but the best estimate, the true volume 

or ground truth, is instead assessed using different methods.  

Majority of current methods for target and OAR definitions use a binary 

approach by asking the practitioner in charge with the delineation to make a 

positive = 1 or negative = 0 decision as to whether a region is part of the 

structure of interest (target or normal tissue) or not. A straight forward 

consequence of this approach is the dismissal of regions that might be of an 

ambiguous nature. This limits the user choices in case of uncertainties in the 

delineation. For benign lesions, the volumes uncertain to belong to the target 

might not be included for the sake of limiting the high dose volumes of the 

brain while for malignant lesions the opposite might be the case in order to 

ensure that no single malignant cell is left outside the target. These 

considerations might result in inconsistencies in delineation and might be 

observer dependent. This variability in delineation, however, if properly 

recorded, might open the possibility to be taken into account at the stage of 

treatment planning. This was therefore the ultimate purpose of this thesis. An 

appropriate methodology of performing an analysis of contouring variability 

should allow viewing the distribution of the target contours resulting from the 

variability in delineation as an uncertainty map with respect to the location 

an extent of the target. This map originates from the overlapping agreement 

volumes, described in section 3.3, and each level of agreement can be viewed 

as a relative uncertainty. 
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A research version of an inverse planning tool for Leksell® GammaPlan® 

was developed by Sjölund et al. (2019) that allows the user to specify clinical 

objectives and by optimization finding the optimal treatment plan. The 

objective function weights are defined, giving specific importance to target 

coverage and selectivity, prolonged beam-on-time may also be penalized. 

Authors recognize that the clinical objectives might, in many cases, be 

conflictual with each other and it is the task of the user to define the priority 

of these objectives to be fulfilled. For example, beam-on-time might be 

conflicting with optimal selectivity/GI for complex shaped targets. The 

method described by Sjölund et al. (2019) introduces three phases in 

treatment plan optimization. The first phase choses the isocenter positions of 

the shots and they remain fixed throughout the optimization. Isocenter 

positions are chosen automatically based on three sub-methods that takes the 

size and shape of the target into consideration.  

Secondly, the optimization is performed which is based on sector-duration 

meaning that for each isocenter, the number of sectors, sector sizes and beam-

on-time for each sector is optimized (Ghobadi et al. 2012). There is a 

difference to forward planning since the shots are not pre-defined but instead 

created in the last phase called sequencing phase, a post-processing phase that 

combines the sector sizes and beam-on-times into shots for each isocenter 

position. The resulting dose distribution will consist of isocenter positions 

with in general multiple shots within the same isocenter.  

Next step is to combine the uncertainty in target contouring, i.e. the 

uncertainty map with the optimization tool developed by Sjölund et al. 

(2019). In the objective function for the optimization described above, several 

factors are included which are given weights according to their relative 

importance in the optimization. Factors involving target coverage and 

selectivity can be modified to include the uncertainties in target definition by 

adjusting it with a voxel dependent weight factor that is given by the relative 

probability that this is target tissue (pi for voxel i). Similarly, each voxel 

specific weight also accounts for the probability that it is not tumor tissue – 

the probability of being normal tissue, a form of penalization (1 - pi). The 

resulting optimization will include all voxels twice, once with a probability 

pi of belonging to the target and one with probability 1 - pi of being normal 

tissue. A simplified example of this methodology is shown in Figure 5.9 

where 4 contours are defined. Voxeli represents a voxel that 3 out of 4 

observers agree that it belongs to the target resulting in an inclusion 
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probability of 0.75 while the probability that this voxel is normal tissue is 

0.25.  

 

Figure 5.9. Illustration of the overlapping contours with variable agreement to 

be used for creating the uncertainty map giving the voxel weights to be used 

in probabilistic planning. Voxeli is contoured by 3 out of 4 observers resulting 

in a probability of being target tissue of 0.75. Similarly, the probability of 

being normal tissue is 0.25. 

By taking the variability in contouring into consideration, robust treatment 

plans were created for a cavernous sinus meningioma case. This case was 

appropriate due to the intermediate variability in contouring, compared to 

other cases, together with the irregular shape. OAR contours of the chiasm 

and left optic nerve were included in the cavernous sinus meningioma case, 

due to the proximity to the target they generate the largest penalization in the 

optimization function. The comparison of robust plans consists of several 

steps; (1) Using the inverse planning tool described by Sjölund et al. (2019) 

with the necessary modifications to include robust optimization as described 

above, an optimized treatment plan is made for each observer contour, (2) 

AV50 and AV100/N of all contours are calculated and optimized treatment plans 

are created for these volumes, (3) a robust treatment plan is made taking the 

variability in contouring into consideration as described in previous section, 

(4) Metrics (coverage, selectivity, GI, V10 and V12) are calculated for each 

observer contour coupled with all optimized plans. Metrics are also calculated 

for all individual contours compared to the robust treatment plan.  

Thirty plans are generated for each volume of interest, the mean value of the 

beam-on-time is plotted as a function of target volume together with the 

standard deviation and spread of beam-on-time. One plan with minimized 

distance to the linear fit of the beam-on-time as a function of target volume is 

chosen to represent an optimal plan for each specific volume, described 
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further in Paper V (Sandström et al. 2019). The beam-on-time is not kept 

fixed since, usually, a large volume requires on average longer shots but is 

instead correlated to the volume. In this way, plans can be regarded as similar 

in quality with respect to the beam-on-time which in turn is a measure of 

number of shots and the composition of these.  

The voxels that for certain are included in the target are assigned a weight of 

one. These could be the voxels in the average target matrix calculated with 

the method for determining AV50 described in section 3.3 and corresponds to 

all values N/2+1 to N. Surrounding this initial target volume there are layers 

of weights or probabilities with values from 1 to N/2, these are set to zero. 

Figure 5.10 is an illustration of the initial contour matrix and corresponding 

layers of agreement (left) together with the AV50 and surrounding layers of 

weights (right) for an example case of anaplastic astrocytoma. The right-hand 

figure represents the case when absolute certainty is assumed for the AV50 

and increasing levels of uncertainty is assumed surrounding the AV50. This 

represents a complex target where the disagreement in target definition is 

high. A similar example for a common target, with less complexity and hence 

lower contouring variability, is shown in Figure 5.11.  

 

Figure 5.10. (A) illustration of the overlapping agreement volumes together 

with the corresponding contours and (B) the AV50 contour with surrounding 

lower agreement for an anaplastic astrocytoma contoured by 14 observers. Bar 

values correspond to the level of agreement.  
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Figure 5.11. (A) illustration of the overlapping agreement volumes together 

with the corresponding contours and (B) the AV50 contour with surrounding 

lower agreement for a cavernous sinus meningioma contoured by 12 

observers. Bar values correspond to the level of agreement. 

Several approaches can thus be considered, for the design of a robust 

treatment plan, if a set of contours and treatment plans are available for the 

same target: 

1. A robust plan can be calculated including the uncertainties in 

contouring. Paper V describes the methodology and preliminary 

results of this analysis. This plan should by its definition be more 

robust implying more universal.  

2. The sensitivity of an observer relative to a true target can be included 

in the optimization. This is calculated with the STAPLE method, as 

described in section 5.1. Uncertainties in contouring are now united 

with observer weights resulting in a total voxel dependent weight that 

favors volumes with a higher sensitivity while volumes with a low 

sensitivity are regarded as outliers. 

3. Uncertainties in the definition of target could be represented as 

vectors showing the direction and degree of variability. At each 

voxel, this could be represented by the distance from that voxel to 

either the volume of absolute certainty of target or the distance to the 

closest neighboring higher certainty.  

4. A principal component analysis of directions of uncertainties based 

on the variability in contouring would provide the weights of the 

optimization problem. In Paper II (Sandström et al. 2018), the center 

of mass was calculated for six targets contoured by 12 observers. 

Results showed that the principal direction of variability in terms if 

the position of the center of mass was the z-direction. Figure 5.12 is 

an example showing the AV100 and AV100/N together with the centers 
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of mass (red points) for a cavernous sinus meningioma and pituitary 

adenoma.  This analysis could be coupled with a principal component 

analysis.  

 

 

Figure 5.12. Illustration of the centers of mass (red points) together with the 

AV100 (orange) and AV100/N (yellow) for (A, C) cavernous sinus meningioma 

and (B, D) pituitary adenoma. Panels A and B are adapted from Paper II. C 

and D illustrates the distance between the center of mass for the AV50 and 

each contour. 

Preliminary results in Paper V show that a robust treatment plan can be 

created, taking the variability in contouring into account. The range of 

coverage and selectivity validated the robustness of the plan. Furthermore, 

the V10 and V12 volumes were smaller than for the nominal plans showing 

that the robust plan has an impact on the risk of radiation toxicity.  The clinical 

value of this analysis lies in the possibility of defining areas of uncertainties 

in the contouring by optimizing the dose distribution to non-binary definitions 

of contours.  

Uncertainties in radiation therapy are usually handled by applying margins. 

By incorporating the CTV to PTV uncertainties directly in the dose 

optimization, the concept of the PTV may become obsolete (Unkelbach et al. 

2018). It has been discussed whether or not the robust treatment planning 
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approach can reduce the inter-observer contouring variability (Shusharina et 

al. 2018). Resulting treatment plans incorporating uncertainties in the extent 

of target might be subject to a lower variability in planned doses.  

Browsing the scientific literature on robust treatment planning relevant to 

radiosurgery lacks results. This thesis could be regarded as the seminal work 

on providing input data for robust treatment planning in radiosurgery. As the 

uncertainty in contouring is one of the major factors influencing the quality 

of treatment planning in SRS, the option for robust treatment planning taking 

the contouring uncertainty into account could drive the community towards 

consensus. Together with a standardized consensus protocol developed for 

and by the SRS community, the uncertainty in volume definitions could be 

minimized for the benefit of patients treated with conformal SRS techniques.  
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Concluding remarks 

 

 

 

Improvement of the consistency in treatment delivery is the ultimate aim for 

the evaluation of contouring variability. However, lack of homogeneity in 

analytical methods and the variability in nomenclature and terminology in 

published data makes inter-study comparisons problematic. Observer 

dependent errors can only be minimized by compliance to a well-grounded 

treatment planning protocol together with training. With the implementation 

of consensus, from imaging to reporting – observer dependent errors can be 

avoided.  

This work has shown that variability in target and OAR definition in SRS is 

as high as for radiation therapy in general and could therefore be considered 

independent of the technique. The variability in contouring was shown 

propagating to the treatment plans where a large variability in planned doses 

was reported.  

SRS has since its development advanced rapidly in the management of brain 

lesions. The accuracy is high but suffers from similar discrepancies in tumor 

and OAR definition as other techniques. Standardization of contouring, 

treatment planning and terminology for data reporting could improve the 

consistency and stimulate clinical research collaborations as well as facilitate 

study comparisons for risk estimation studies. Standardization of treatment 

planning and delivery is therefore a crucial element in reduction of variability. 

Another way of improving the consistency is by incorporating the current 

inherent variability in contouring for all common cases treated with SRS in a 

robust treatment planning approach. A study designed with the purpose to 

generate contouring data, uncontaminated by differences in nomenclature and 

basic structure definitions, is essential for this objective. This will validate the 

method and could generate a tool that renders the possibility of making 

indefinite decisions, moving forward from the binary decision methodology.   
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Summary of papers 
 

 

 

Paper I 

The aim of the study was to quantify the variability in target delineation for 

two complex SRS targets: one cavernous sinus meningioma and one 

anaplastic astrocytoma. Additionally, the study aimed to investigate the 

dosimetric implications of variability in target delineation with respect to the 

plan conformity. Twenty centres chosen for their experience with the 

Leksell® Gamma Knife® participated in the study by delineating the target 

and performing the planning. The analysis of the delineated targets was based 

on the calculated 50% agreement volume, AV50, the encompassing volume 

and the common volume (the AV100/N and AV100). The dosimetric 

implications were evaluated using the conformity index, Paddick conformity 

index and gradient index for each delineated target and the corresponding 

plan. The resulting high variability in target contouring showed in Paper I was 

not anticipated and a new study involving common SRS targets was initiated.  

 

Paper II 

The hypothesis that common targets would show a low disagreement in 

contouring variability was investigated in Paper II where six targets regarded 

as common, were chosen for analysis. The variability in the contouring was 

lower than for the complex targets but still much higher than expected. 

Another metric for comparing the targets based on the position of the center 

of mass, was used, and the results showed the highest disagreement in the Z-

direction for the majority of cases.  
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Paper III 

A similar analysis of the variability in delineation was performed for the OAR 

in SRS. The participants in this pilot study were intentionally given minimal 

instructions in terms of planning and contouring guidelines in order to 

generate results that would reflect a clinical reality. The results showed a 

disagreement in structure contouring including several factors that were not 

expected and not shown in the analysis of targets. The availability of multiple 

choices of images for OAR contouring, the lack of clear specification 

regarding OAR accepted tolerance doses, no indication on the part of the 

structure which should be contoured, all contributed to the very high 

variability in the structures contoured and led to formulating the need for 

OAR contouring guidelines.  

 

PAPER IV 

The STAPLE approach was applied for the calculation of the ground truth 

which was, to a high degree, similar to the average volume. Five common 

radiosurgery targets were used in the robustness analysis of the STAPLE 

method which showed a dependence on the number of segmentations 

included in the analysis and the complexity of their shape. The STAPLE 

method provides the users individual sensitivity and specificity with respect 

to the ground truth which could be valuable in further analysis.  

 

PAPER V 

This paper consists of two parts. Part one consists of complicated and 

common radiosurgical targets evaluated with respect to the dosimetric impact 

of the contouring variability. Large variabilities in planned doses were 

observed on voxel level. Normal tissue complications were addressed by 

assessing the 12 Gy volume, results indicating an exceedingly large volume 

receiving 12 Gy for several of the plans. The second part is a feasibility study 

regarding the use of the underlying variability in contouring as input for 

robust treatment planning. 
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