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Evaluation of target motion and determination of optimal treatment margins 
for prostate cancer treated with external beam radiotherapy on the 

HalcyonTM 

Marion Algar1, Lydia Punt1 

1Department of Radiation Oncology, University of Cape Town 

ABSTRACT 

Background 

External beam radiotherapy (EBRT) is an important part of the treatment for prostate cancer. To 

account for organ motion and set-up error, margins are used in radiotherapy planning. These are 

essential for the delivery of safe and effective treatment.  

Aim and Setting 

To measure prostate motion during the course of EBRT on the HalcyonTM at Groote Schuur Hospital. 

Using published margin recipes, the minimum clinical target volume (CTV)-planning target volume 

(PTV) expansion margin was calculated. 

Patients and Methods 

Prostate motion was evaluated by comparing prostate position on the planning CT to cone-beam CT 

(CBCT) scans. Prostate position error in the medio-lateral (ML), antero-posterior (AP) and supero-

inferior (SI) directions was measured for each CBCT. The systematic (Σ) and random (σ) error of 

prostate motion was calculated. The minimum CTV-PTV margin was determined. 

Results 

The mean position error of the prostate was -0.04mm (95% CI -0.14, 0.10), -0.30mm (95% CI -0.70, 

0.15) and -0.40mm (95% CI -0.89, 0.00) in the ML, AP and SI directions, respectively. Using Van 

Herk’s margin formula (2.5Σ +0.7σ), the following minimum CTV-PTV margins for the ML, AP and SI 

directions were calculated: 1.9mm, 6.9mm and 7.8mm, respectively. Using Stroom’s margin formula 

(2Σ +0.7σ), the following minimum CTV-PTV margins for the ML, AP and SI directions were 

calculated: 1.6mm, 5.8mm and 6.6mm, respectively. 

Conclusion 

Based on prostate motion, our institution’s current margins are sufficient. However, further studies 

are necessary to measure other factors that influence the CTV-PTV margin before considering 

reducing this margin. 
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INTRODUCTION 

Prostate cancer is the second most common cancer diagnosis and the fifth leading cause of cancer-

related death amongst men, worldwide.1 By 2030, the global burden of prostate cancer is predicted 

to rise to 1.7 million new cases and 499,000 new deaths as a result of growth and aging of the 

world’s population.2 In South Africa, prostate cancer has the highest incidence and accounts for 25% 

of cancers diagnosed in men.3  

There are different curative treatment options for localised prostate cancer. These include surgery 

and/or radiotherapy. Androgen deprivation therapy (ADT) may also be combined with radiotherapy.4 

Types of radiotherapy include external beam radiotherapy (EBRT) and brachytherapy. Advanced 

EBRT techniques such as intensity-modulated radiotherapy (IMRT) and volumetric modulated arc 

therapy (VMAT) are able to achieve highly conformal dose distributions compared to three-

dimensional conformal radiotherapy (3D-CRT).4 This allows for a sharp dose gradient around the 

target and reduction of dose to surrounding normal tissues.5 

In transitioning to these advanced, highly conformal radiotherapy techniques, there is increased risk 

of geographical miss. Adequate margins applied to the target volumes are essential to avoid 

geographical miss.4 Geographical miss not only leads to under-dosing of the tumour (thus 

compromising control of the tumour) but may result in increased dose to normal tissues (causing 

increased early and late side effects).  

The prostate is a mobile structure. Its attached seminal vesicles are even more mobile.6 The position 

of the prostate is influenced by rectal and bladder filling as well as breathing. Increased prostate 

motion during radiotherapy has been associated with increased biochemical failure, reduced local 

control and increased normal tissue toxicity.7 Inter-fraction motion may occur between treatment 

fractions and intra-fraction motion may occur whilst treatment is being delivered.8 

When preparing for the radiotherapy planning CT scan, patients are asked to empty their bowels and 

comfortably fill their bladders. This is done in a standard way to minimise fluctuations in bladder and 

rectal volume. These instructions are followed prior to each fraction of radiotherapy in order to best 

simulate the patient’s anatomy at the time of the planning CT scan. Patients are positioned supine 

and immobilised with a CombifixTM (a pelvis and lower limb immobilisation device) to improve set-up 

reproducibility.  

After the planning CT is transferred to the treatment planning system, contouring of volumes begins. 

The first target volume contoured is the clinical target volume (CTV). This includes the entire 

prostate and may include some or all of the seminal vesicles as well as regional lymph nodes 

(depending on the risk stratification).9 The CTV incorporates the gross tumour as well as possible 
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areas of microscopic spread whilst respecting anatomical boundaries.10 The internal target volume 

(ITV) is defined by an internal margin. This margin accounts for physiological movement resulting in 

changes in the shape, size and position of the target.11 The planning target volume (PTV) is a 

geometric concept that incorporates the internal margin as well as a set up margin. The set-up 

margin accounts for beam and patient set-up inaccuracies. The CTV-PTV margin ensures adequate 

daily coverage of the CTV in order to achieve the goal of treatment (in this case, cure).11 At our 

institution, the current CTV-PTV margin is an anisotropic margin of 10mm (except 7mm posteriorly). 

Errors in target delineation have a direct impact on treatment outcomes.9 In the setting of advanced 

radiotherapy techniques (such as IMRT and VMAT) with sharp dose gradients, errors in delineation 

may result in under-dosing of the tumour.9 Thus it is essential to follow guidelines and ideally peer 

review delineated target volumes.  At our institution, the ESTRO-ACROP consensus guideline is 

followed for target volume delineation.9 To further improve target volume delineation, magnetic 

resonance imaging (MRI) can be fused to the planning CT. MRI has superior soft-tissue contrast 

which allows for more detailed visualisation of the prostate and surrounding structures.9 The use of 

MRI is not always possible in resource-constrained environments. 

Image-guided radiotherapy (IGRT) is an essential part of geometric verification in radiotherapy. It is 

used to reduce errors arising from differences in patient and tumour position from the intended 

treatment.8 There are a variety of techniques used for IGRT such as portal imaging, ultrasound, cone-

beam CT (CBCT), MRI and electromagnetic transponders.4 Implanted fiducial markers may also be 

used in conjunction with portal imaging or CBCT.  

In 2019, our institution acquired a new linear accelerator called the HalcyonTM (Varian Medical 

Systems, Palo Alto, CA, USA). The HalcyonTM is a ring-based linear accelerator with a 6MV flattening 

filter-free (FFF) beam and double-stacked multi-leaf collimators (MLCs). This machine has on-board 

CBCT which allows for bone and soft tissue visualisation. Standard treatment verification techniques 

usually use registration of bony anatomy alone. The use of CBCT provides significant additional 

information such as target visualisation, avoidance of critical organs and treatment response 

assessment.12 Bone and soft tissue imaging is superior compared to bone imaging alone as the 

position of the prostate rarely correlates with bone or surface anatomy.13 

High quality images, taken prior to each treatment, are essential to provide accurate and precise 

radiotherapy. The HalcyonTM has advantages in terms of IGRT as it utilises kV-iCBCT (iterative CBCT). 

iCBCT uses software (Acuros® CTS) which allows for fast and accurate calculation of image scatter.14 

It also uses a statistical (iterative) reconstruction algorithm compared to standard kernel-based 

correction used in Feldkamp-Davis-Kress (FDK)-CBCT.14 This combination results in advanced image 
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quality compared to the conventional FDK-CBCT.14 It allows for improved accuracy of soft-tissue-

based IGRT. It also means that iCBCT can be used for contouring and dose calculation in the setting 

of online adaptive radiotherapy.14 

Errors that result in geometric uncertainty are divided into systematic and random errors.4 

Systematic error is often referred to as “treatment preparation error”.4 Introduction of systematic 

error occurs in the treatment planning process and is related to patient set-up, target delineation, or 

changes in target position and shape between delineation and treatment.4 These errors occur daily 

throughout treatment in the same direction and are of similar magnitude.8 Systematic error results 

in a shift of the aggregated dose distribution away from the CTV.  Random error is often referred to 

as “treatment execution” error. It may occur at any stage of treatment and is related to patient set-

up, and change in target position or shape between and during treatment fractions. It varies in 

direction and magnitude for each fraction of treatment. Random error results in blurring of the dose 

distribution around the CTV.4 

There are a variety of margin recipes that can be used to calculate the required CTV-PTV margin. 

These include Van Herk’s (2.5Σ + 0.7σ)15 and Stroom’s (2Σ + 0.7σ)16 margin recipes. The symbol Σ 

denotes systematic error and the symbol σ denotes random error. These margin recipes incorporate 

both systematic and random error. Van Herk’s recipe ensures that the CTV will receive at least 95% 

of the prescribed dose in 90% of the patients.15 Stroom’s recipe ensures that 99% of the CTV will 

receive at least 95% of the prescribed dose.16  

After the acquisition of the HalcyonTM, soft tissue visualisation during set-up verification was possible 

for the first time at our institution. This study was aimed at measuring prostate motion during the 

course of radiotherapy for patients with prostate cancer treated on the HalcyonTM. The systematic 

and random prostate position errors were calculated. Van Herk’s and Stroom’s margin recipes were 

used to determine the minimum CTV-PTV margin.   

 

METHODS 

Study Aims and Objectives 

The aim of this study was to quantify inter-fraction prostate motion during the course of 

radiotherapy. The primary objective was to determine the systematic and random error of prostate 

motion relative to bony anatomy. The secondary objective was to assess if the current CTV-PTV 

margins, used at our institution, are adequate. 

Study Population 
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The patient population included 20 patients with prostate cancer who were treated with definitive 

radiotherapy in 2019-2021. All patients were treated on the HalcyonTM and underwent online image-

guidance with daily CBCT imaging. 

Study Design 

This was a retrospective observational study. Prostate motion on 10 CBCTs (done at fractions 1, 2, 3, 

6, 11, 12, 16, 21, 22 and 26) was evaluated for 20 patients treated on the HalcyonTM. The prostate 

was contoured on each planning CT and 10 subsequent CBCTs per patient by a single senior radiation 

oncology registrar using the ESTRO-ACROP guideline. This standardised guideline was used to control 

intra-observer variability. The seminal vesicles were not contoured. Using the automatic match 

algorithm, each CBCT was rigidly registered to the corresponding planning CT on bone settings. The 

registration allowed for translations but not rotations in order to simulate the use of the Halcyon’sTM 

3-degrees of freedom (3-DOF) couch. This match was reviewed and adjusted manually if indicated. 

The centre of mass shift of the contoured prostates on the CBCTs was compared to that of the 

prostate contoured on the planning CT for each patient.  This was measured in the medio-lateral 

(ML), antero-posterior (AP) and supero-inferior (SI) directions. This was the prostate position error. 

Using these error values, the following were calculated:  

1. The individual mean prostate position error per patient in all 3 directions. The standard 

deviation of these means was calculated. This represented the systematic error (Σ).17  

2. The individual standard deviations of prostate position error per patient in all 3 directions. 

The root mean square of the standard deviations of all patients was calculated. This 

represented the random error (σ). 17 

3. Using Van Herk’s (2.5Σ + 0.7σ) and Stroom’s (2Σ + 0.7σ) margin recipes, the minimum CTV-

PTV margin was determined in all 3 directions.15,16 

Radiotherapy Technique 

At CT simulation, all patients were scanned in the supine position. They were immobilised using a 

CombifixTM. After voiding their bladders, bladder preparation was done by providing patients with 

750ml of water to drink 40 minutes before the planning CT. Prior to the planning CT scan, patients 

were advised to empty their bowels. A mini-scan was performed first to confirm that the bladder 

was adequately filled and the rectal AP-diameter was acceptable. Oral and IV contrast was given. 

Patients were scanned from the level of T12 to mid-femur using 3mm slices. These images were then 

transferred to the EclipseTM (Varian Medical Systems, Palo Alto, CA, USA) treatment planning system.  
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For contouring, the CTV included the prostate and, in most cases, the seminal vesicles with a second 

CTV dose level defining the lymph nodes. An anisotropic margin of 10mm (except 7mm posteriorly) 

was added to the CTV prostate and seminal vesicles to create PTV67.5Gy. An isotropic margin of 

5mm was added to the CTV nodes to create PTV48.6Gy. Organs at risk were also contoured. These 

included the bladder, rectum, small bowel, large bowel, femoral heads and penile bulb.  

Treatment was delivered using the HalcyonTM. The technique used was VMAT. Radiotherapy was 

given as a simultaneous integrated boost (SIB). Treatment was given daily, Monday to Friday, for 27 

fractions over 5.5 weeks. The dose per fraction (#) was 2.5Gy/# for PTV67.5Gy and 1.8Gy/# for 

PTV48.6Gy. Daily, online CBCTs were done for set-up verification and evaluation of rectal size and 

bladder filling. 

Image Analysis  

Prior to analysis, the prostate on each planning CT and the prostate on 10 subsequent CBCTs, done 

during the course of EBRT, were contoured for each patient by a single senior radiation oncology 

registrar. 200 CBCTs were compared to 20 planning CTs for the 20 patients. A total of 220 prostates 

were contoured. Half of the contours were independently reviewed by a single qualified radiation 

oncologist. Each CBCT was rigidly, automatically registered to the planning CT using bone settings. 

This registration was done for the vertical, longitudinal and lateral directions only. This simulated the 

registration that was performed online prior to treatment at the machine with a 3-DOF couch. All 

registrations were reviewed and adjusted manually if indicated.  

Data Analysis 

Following image registration, prostate motion was measured by comparing the centre of mass shift 

of the prostate contoured on the planning CT and that of the prostate contoured on each CBCT, in all 

3 directions. For each patient, the mean position error of the prostate across the 10 CBCTs was 

calculated for each direction. The standard deviation of all the calculated means, for each direction, 

represented the systematic position error (Σ).13 The standard deviations of the translations for each 

patient across the CBCTs were also calculated. The root mean square of these values was calculated 

in order to determine the random position error (σ).13 Van Herk’s (2.5Σ +0.7σ) and Stroom’s (2Σ 

+0.7σ) margin recipes were used to calculate the CTV-PTV margin using the systematic and random 

error values. 

Ethical Considerations 
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The Human Research Ethics Committee of the University of Cape Town approved the proposed 

study (HREC 256/2022). Informed consent was not required as this was a retrospective review of 

imaging records only. All data that was collected was stored on a password protected laptop. 

 

RESULTS 

Translation Displacements 

The largest variation in prostate position was in the AP and SI directions. The smallest variation in 

prostate position was in the ML direction. Figures 1, 2 and 3 demonstrate the distribution of the 

prostate position errors in the ML, AP and SI directions, respectively. The prostate position errors 

were normally distributed in the ML, AP and SI directions (skewness ≤ 2 × standard error of 

skewness). More than 95% of the prostate position errors were within 5mm. 

 

Figure 1: Distribution of the prostate position errors in the medio-lateral direction. 

 

Figure 2: Distribution of the prostate position errors in the antero-posterior direction. 
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Figure 3: Distribution of the prostate position errors in the supero-inferior direction. 

 

Figures 4 – 6 show the daily individual prostate position errors for each patient for all 3 directions 

during the course of EBRT. 

 

Figure 4: Daily individual prostate motion errors for each patient in the medio-lateral (ML) direction. 
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Figure 5: Daily individual prostate motion errors for each patient in the antero-posterior (AP) direction. 

 

Figure 6: Daily individual prostate motion errors for each patient in the supero-inferior (SI) direction. 
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Systematic and Random Errors 

As Table 1 illustrates below, the mean position error of the prostate in the ML, AP and SI directions 

was -0.04mm (95% CI -0.14, 0.10), -0.30mm (95% CI -0.70, 0.15) and -0.40mm (95% CI -0.89, 0.00), 

respectively. The systematic position errors ranged from 0.57mm to 2.54mm and the random 

position errors ranged from 0.65mm to 2.38mm. The largest position errors occurred in the AP and 

SI directions and the smallest position errors occurred in the ML direction. 

Function ML AP SI 

M -0.02mm -0.30mm -0.40mm 

Σ 0.57mm 2.08mm 2.54mm 

σ 0.65mm 2.38mm 2.10mm 

Table 1: The mean (M), systematic (Σ) and random (σ) position errors calculated in the medio-lateral (ML), antero-posterior 

(AP) and supero-inferior (SI) directions. 

Margin Calculation 

Using Van Herk’s and Stroom’s margin recipes, the minimum CTV-PTV margins in the ML, AP and SI 

directions were calculated (see Table 2 below for results).  

 

ML AP SI 

Van Herk (2.5Σ +0.7σ) 1.9mm 6.9mm 7.8mm 

Stroom (2Σ +0.7σ) 1.6mm 5.8mm 6.6mm 

Table 2: The CTV-PTV margin calculated using different margin recipes. 

 

DISCUSSION 

This study was the first in our institution to evaluate prostate motion during the course of EBRT. The 

aim of this study was to calculate the necessary CTV-PTV margins for the prostate accounting for 

inter-fraction motion only. The largest prostate position error was found in the AP and SI directions 

and the smallest error was in the ML direction. This is most likely due to fluctuations in bladder filling 

and rectal distension. Although not a measured outcome in this study, the CBCTs with the highest 

prostate position error had large variations in the bladder and rectal volumes. See figures 7-9 below. 
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Previous work by Kershaw et al17 quantified motion of the prostate, seminal vesicles and lymph 

nodes. Using a 3-DOF couch and bone registration, the recommended CTV-PTV margins for the 

prostate alone in the ML, AP and SI directions were 2mm, 8mm and 6mm, respectively.17 These 

margins are similar to those calculated from this study. Of note, the study by Kershaw et al used 

repeat CT scans instead of CBCTs to evaluate organ motion. This was based on the availability of CT, 

improved image quality and the larger field of view required to observe the superior nodal regions.17 

At our institution, iCBCT is used. As mentioned previously, iCBCT has superior image quality 

compared to FDK-CBCT. For our study, CBCT was chosen due to availability and good image quality.  

In a study by Marnouche et al18, prostate displacement was measured using CBCTs and bone 

registration. The systematic and random errors were calculated. The CTV-PTV margin was 

determined using Van Herk’s margin recipe. This margin was 5.42mm, 8.03mm and 8,73mm in the 

Figure 9: Sagittal slice of planning CT. Note distended rectum with resultant anterior 
displacement of prostate. Prostate contoured on planning CT in yellow. Prostate contoured 

on CBCT in turquoise. 

 

Figure 7: Axial slice of planning CT. Note distended 
rectum. Prostate contoured on planning CT in yellow. 

Prostate contoured on CBCT in turquoise. 

 

Figure 8: Axial slice of CBCT. Note less distended 
rectum. Prostate contoured on planning CT in yellow. 

Prostate contoured on CBCT in turquoise. 
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ML, AP and SI directions. This study included fewer patients (15) and fewer CBCTs (6.3 per patient on 

average). The calculated margin was slightly larger than in our study. Similarly to our study, the 

largest margin was in the SI direction followed by the AP and ML directions. 

A large study by Mesías et al19 evaluated inter-fraction set-up errors for a variety of sites, including 

the prostate, using CBCT. For the prostate, 63 patients were included and 1615 CBCTs were 

analysed. Using Van Herk’s margin recipe, the CTV-PTV margin for the prostate was 9.2mm, 10mm 

and 8.4mm in the ML, AP and SI directions. These margins are slightly larger than those calculated in 

our study. 

Using Van Herk’s and Stroom’s margin recipes, the calculated CTV-PTV margins are within the 

current CTV-PTV margin used at our institution. However, this margin accounts for inter-fraction 

prostate motion and set up error only. There are additional components that contribute to the 

combined systematic error and combined random error. For the combined systematic error, these 

components include target delineation, intra-fraction motion, IGRT accuracy and machine accuracy.6 

For the combined random error, these components include IGRT accuracy (system and observer-

related) and intra-fraction motion.6 The recommended CTV-PTV margins from this study are a 

minimum margin. Further studies would need to be done to quantify all components that contribute 

to systematic and random error. Only then could true recommendations for CTV-PTV margins be 

provided. 

As mentioned above, target delineation error contributes to systematic error. Following contouring 

guidelines may reduce this error. In addition to following contouring guidelines, an MRI may be 

fused to the planning CT to improve target delineation. MRI provides high soft-tissue contrast which 

allows for more detailed visualisation of the prostate and its surrounding structures.9 CT scans 

overestimate prostate size by 35% compared to MRI.20 Thus CT-based prostate delineation is larger 

in comparison to CT-MRI fusion-based delineation. This increases the volume of irradiated 

surrounding normal tissues. By performing CT-MRI fusion-based radiotherapy, normal tissue toxicity 

may be reduced through smaller, more precise target volume delineation. Additionally, intra- and 

inter-observer variability during contouring may contribute to target delineation error. This is a 

potential limitation in this study as a single observer contoured the prostates with half of these 

contours assessed by a radiation oncologist. 

This study quantified motion of the prostate alone. However the seminal vesicles are frequently 

included in the CTV for definitive EBRT. The seminal vesicles are known to be more mobile than the 

prostate.21 A recent review showed that the systematic and random errors of seminal vesicle motion 

range from 1-7mm and 1-5mm, respectively.22 The majority of studies reported a CTV-PTV margin of 
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8mm for the seminal vesicles.22 These errors were mostly uncorrelated to prostate motion.22 Motion 

of the seminal vesicles would need to be measured in order to ascertain the optimal CTV-PTV 

margins for the high dose CTV. 

This study included 20 patients and 10 CBCTs per patient. If more patients and more CBCTs per 

patient were included, this may have decreased the uncertainty in the prostate position error 

measurements. Although half of the contoured prostates were reviewed by a radiation oncologist, 

this did not fully eliminate potential target delineation errors. As mentioned previously, target 

delineation is a known component of combined systematic error.6 

Additional aspects to IGRT may improve imaging accuracy and treatment margins. Implanted 

fiducials in combination with portal imaging or CBCTs improve prostate localisation in treatment 

verification.12 Combining fiducial markers with CBCT may allow for a further CTV-PTV margin 

reduction. This margin reduction would in turn reduce normal tissue toxicity. It is important to note 

the disadvantages of fiducial marker implantation. It is an invasive procedure which may result in 

discomfort, bleeding and infection.12 It also comes with additional cost. 

Future studies assessing not only prostate motion but also seminal vesicle and pelvic node motion 

are needed at our institution. In addition to inter-fraction target motion assessment, errors related 

to target delineation, intra-fraction target motion, IGRT accuracy and machine accuracy, need to be 

quantified. It is important that margins take into account all elements of treatment uncertainties. 

Caution needs to be applied before implementing margin reductions in the clinical setting. If a 

margin reduction is introduced, monitoring of treatment outcomes is needed. 

 

CONCLUSION 

Prostate motion varies the most in the SI and AP directions. Based on prostate motion, in 

conjunction with daily online IGRT, our institution’s current CTV-PTV margin is sufficient. However it 

is important to note that a CTV-PTV margin not only takes into account inter-fraction target motion. 

It also includes intra-fraction motion, target delineation errors, observer variations when executing 

IGRT, and technical accuracy limitations of equipment. Thus further investigation is required to 

quantify these errors in order to determine optimal CTV-PTV margins which allow for improved 

tumour control without increasing normal tissue toxicity. 
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DATA COLLECTION INSTRUMENT 

Patient Number 
Centre of Mass Shift ML 

Direction [mm] 
Centre of Mass Shift AP 

Direction [mm] 
Centre of Mass Shift SI 

Direction [mm] 

Planning CT - - - 

CBCT 1    

CBCT 2    

CBCT 3    

CBCT 6    

CBCT 11    

CBCT 12    

CBCT 16    

CBCT 21    

CBCT 22    

CBCT 26    

Individual mean error    

Standard deviation (STD)    

 
 ML AP SI 

Mean 1    

Mean 2    

Mean 3    

Mean 4    

Mean 5    

Mean 6    

Mean 7    

Mean 8    

Mean 9    

Mean 10    

Mean 11    

Mean 12    

Mean 13    

Mean 14    

Mean 15    

Mean 16    

Mean 17    

Mean 18    

Mean 19    

Mean 20    

MEAN 
POP    

STD (Σ)    
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 ML 
STD2 

(for ML) 
AP 

STD2 

(for AP) 
SI 

STD2 

(for SI) 

STD 1       

STD 2       

STD 3       

STD 4       

STD 5       

STD 6       

STD 7       

STD 8       

STD 9       

STD 10       

STD 11       

STD 12       

STD 13       

STD 14       

STD 15       

STD 16       

STD 17       

STD 18       

STD 19       

STD 20       

MEAN -  -  -  

RMS (σ) -  -  -  
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