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Abstract 

The purpose of this study was to estimate the CTV-PTV margin required for prostate and 

head and neck cancer treatments at the radiotherapy departments of Karolinska University 

Hospital.  

   Portal image data from patients treated at the radiotherapy departments during the period of 

2009-2011 was used to estimate the set-up displacements for each treatment area. By using 

the acquired images the magnitude of the systematic, i.e. preparatory, and random, i.e. 

execution, error was determined in the anterior-posterior (AP), superior-inferior (SI) and 

right-left (RL) direction. The calculated PTV margin is based on the systematic and random 

errors of the entire patient populations. A total of 40 patients were used for the analysis of 

prostate treatments and 47 patients for head and neck treatments. The evaluation of the PTV 

margin was done for three different matching protocols; no matching (skin marker alignment), 

five day matching and daily matching.    

   With no image verification in prostate treatments the calculated PTV margin taking both 

inter- and intrafractional errors into account was 13.6, 9.2 and 7.9 mm in AP, SI, and RL 

direction respectively. The corresponding PTV margin in head and neck treatments was found 

to be 6.7, 5.3 and 4.9 mm. Using a five day matching protocol of the bony anatomy showed 

no considerable reductions in margins for neither prostate nor head and neck treatments. With 

daily matching of the bony anatomy in prostate treatments the calculated margins was reduced 

to 8.1, 7.9 and 2.4 mm in the AP, SI and RL direction respectively.  Measurements of the 

residual deviations of individual cervical vertebrae after daily image verification and 

correction in head and neck cancer treatments showed that all matching protocols will require 

larger margins in the lower vertebrae in order to account for the set-up error in the AP 

direction. The corresponding margins needed using daily matching of the bony anatomy 

would be 3.9, 5.4 and 6.0 mm for C1, C4 and C5 respectively in the AP direction.  

   In the absence of daily imaging the currently used PTV margins might be inadequate for 

covering to movement of the targets. The deviations in the AP direction of the cervical 

vertebrae in head and neck cancer treatments should be investigated further in order to ensure 

that the motion of the target is covered and that no risk organs are subjected to harmful dose 

levels. 
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Sammanfattning 

Syftet med examensarbete var att optimera de CTV-PTV marginaler som används vid 

behandlingen av prostata och huvud- och hals tumörer vid Karolinska Universitetssjukhuset i 

Stockholm. 

   Vid analysen användes sparad bilddata från matchning utförd på patienter som behandlats 

vid Karolinska Universitetssjukhuset under åren 2009-2011. Genom analys av bilddatat kunde 

storleken på det interfraktionella systematiska och slumpmässiga felet bestämmas i den 

anteriora-posteriora [AP], superiora-inferiora [SI] och höger-vänstra [RL] riktningen. Den 

beräknade PTV marginalen baseras sedan på det systematiska och slumpmässiga felet hos 

hela populationen av patienter. Prostata analysen baserades totalt på 40 patienter och huvud- 

och hals regionen på 47 patienter. PTV marginaler beräknades för tre olika 

matchningsprotokoll; ingen matchning (positionering utifrån hudmarkörer), 5 dagars 

matchning och daglig matchning. 

   Ifall ingen bildverifikation utförs vid behandlingen av prostatatumörer så kommer det att 

krävas en marginal på 13.6, 9.2 and 7.9 mm i den AP, SI, and RL rikningen för att 

kompensera för de interfraktionella avvikelserna. Motsvarande marginal för huvud- och hals 

regionen är 6.7, 5.3 and 4.9 mm. Användningen av ett 5 dagars matchningsprotokoll 

resulterade inte i någon avsevärd reduktion i marginaler för varken prostata eller huvud- och 

hals regionen i någon riktning. För daglig matchning av benstruktur vid behandling av 

prostatatumörer så reducerades den beräknade marginalen till 8.1, 7.9 and 2.4 mm i den AP, 

SI and RL riktningen. Mätning av avvikelser hos enskilda strukturer i huvud- och hals 

regionen efter daglig matchning visade att alla matchningsprotokoll kommer att kräva större 

marginaler i de lägre regionerna för att kompensera för positioneringsavvikelser i den AP 

riktningen. Vid daglig matchning av benstruktur så krävs en PTV marginal på 3.9, 5.4 and 6.0 

mm för respektive nackkota C1, C4 och C5 i den AP riktningen. 

   Ifall ingen daglig matchning utförs så är de PTV marginaler som idag används vid 

Karolinska Universitetssjukhuset eventuellt inte tillräckliga för att kompensera för rörelsen 

hos respektive tumörregion. Avvikelsen i huvud- och halsregionen för enskilda strukturer bör 

analyseras ytterligare för att kontrollera att rörelsen av tumörregionen täcks in och att inga 

riskorgan utsätts för skadliga dosnivåer. 
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GTV Gross Tumour Volume  
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AP Anterior-Posterior 
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CBCT Cone-beam Computed Tomography 
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1. Introduction  

 

When treating cancer patients with radiotherapy the ambition is to remove tumour cells while 

spearing as much of the surrounding healthy tissue as possible. Before the start of a 

radiotherapy treatment CT-images are acquired showing the anatomy of the body and tumour 

at the moment of acquisition, these images are used for designing a radiation treatment plan. 

The tumour volume is outlined in the CT-images forming the gross tumour volume, GTV. In 

order to account for subclinical disease a margin is added to the GTV called the clinical target 

volume, CTV. The CTV still requires a further margin in order to account for daily setup error 

and internal organ motion. This volume is termed the planning target volume, PTV [1].   

 

The purpose of the PTV margin is to compensate for geometric uncertainties which will, if 

not corrected for, cause differences between the intended and actual delivered dose 

distribution to the CTV. The uncertainties can be divided into two parts, the interfractional 

and intrafractional error. The interfractional error describes the set-up displacement between 

treatment fractions while the intrafractional error is the displacement during the delivery of a 

treatment fraction mostly governed by the internal organ motion. The set-up displacement is 

the difference between the intended and actual treatment position. Both deviations consist of a 

systematic and a random error component. The systematic errors are mainly introduced during 

the preparatory stages of radiotherapy and are considered to influence each treatment fraction 

in the same way and thereby causing a shift in the dose distribution while the random errors 

are day-to-day displacements that will cause a blur in the dose distribution [2].  

 

By using image guided radiation therapy, IGRT, techniques including 2D-2D kilo voltage 

acquired x-ray images, the patient can be positioned before the delivery of every treatment 

fraction by online matching techniques. The table shifts required to place the patient in the 

correct treatment position is registered and has in this thesis been used for determining the 

magnitude of the interfractional systematic and random error in form of a patient population. 

The intrafractional error is mainly caused by the internal organ motion and its magnitude will 

be based on previous published studies since no image data displaying the movement during 

the treatments are available for analysis for the time being at the radiotherapy departments of 

Karolinska University Hospital.  
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Different treatments areas experience different amount of movement due to internal organ 

motion and immobilization techniques used. These factors in addition to the IGRT technique 

and matching protocol used will influence the amount of movement that needs to be taken 

into account.   

 

Using daily online matching protocols when positioning the patients has become more 

common in the last couple of years. By positioning the patient before the delivery of each 

treatment fraction the interfractional systematic and random error can be reduced and the PTV 

margin will need to account primarily for the intrafractional motion [3]. However, there are 

only a few treatments where daily online matching is used due to the large workload required 

during the course of treatment. In many situations different offline matching protocols are 

instead applied where only a number of fractions in the beginning of the treatment course are 

matched in order to correct for large interfractional systematic errors. The need to evaluate 

optimal PTV margins for each protocol is necessary since they each affect the positional 

accuracy differently. 

 

The aim of the master’s thesis is to evaluate what CTV-PTV margin is most suitable for 

prostate and head and neck cancer treatments. The analysis will be done using stored portal 

image data from patients treated during the last couple of years at the department of 

radiotherapy treatment at the Karolinska University Hospital in Solna and Södersjukhuset 

where different online and offline matching protocols were used during the treatments.   

 

 

 

 

 

 

 

 

 

 



 

 

9

2. Theory 

2.1. Set-up displacements 

2.1.1. Systematic error 

The systematic error describes a constant deviation in the patient setup in a given direction 

during the entire treatment due to preparation errors that will cause a constant shift in the dose 

distribution [2]. This is illustrated in Figure 1. The systematic error is usually described and 

calculated in forms of a patient population and is considered to be composed of and 

summarized according to Equation 1[3]. 

 
22222
transferndelineatioupsetmotion Σ+Σ+Σ+Σ=Σ −    (1) 

 

 The elements refer to the standard deviation, SD, of the individual errors of target motion and 

deformation, patient set-up, target delineation and image transfer. The target motion includes 

variations that occur in the position and shape during treatment that can be caused by bladder 

filling, weight loss and tumour regression. The set-up error includes all errors that are 

introduced during preparatory stages of treatment planning. Target delineation refers the 

errors caused by little knowledge of the actual extent of the CTV margin needed to account 

for microscopic spread. Image transfer error describes deviations that can arise when 

transporting images between different systems such as the treatment planning system and the 

linear accelerator. They are considered to be normally distributed and independent of each 

other allowing them to be summarised in quadrature [2]. The systematic error for a patient 

population can be determined according to Equation 2 [4]. 
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n

n

pop      (2) 

 

In Equation 2, nx  is the mean value of the displacement in a given direction for patient in 

comparison to the initial position in the reference images acquired before the start of the 

treatment course and P is the number of patients in the population. The population systematic 

error is simply the standard deviation of all means.  
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2.1.2. Random error 

The random errors describe the deviation between treatment fractions that can occur in any 

direction during the course of treatment and will give rise to a blur in the dose distribution [2]. 

The random error is defined according to Equation 3 [3]. 

 

σ 2 = σ 2
motion + σ 2

set-up     (3) 

 

In the equation the σ 2
motion is the SD of the random target motion and shape and σ 2

set-up is the 

SD of the random set-up error. For a population of patients the random error is defined as the 

root mean square of all standard deviations [4].  Random errors occur during the treatment 

and are therefore considered to be execution errors. Offline protocols cannot correct for 

random errors and the margin used must take that into account [3]. The random error for a 

population of patients can be calculated according to Equation 4 and 5. [4]  

 

( )

1

2

2

−
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=
∑
N
n

n

pσ      (4) 

 

1

2

−
=
∑
P
p

p

pop

σ
σ      (5) 

 

In Equation 4, ∆ is the displacement of each fraction in a direction and N is the number of 

fractions for each patient and so σp is the individual SD of each patient in a direction. The 

equations can be used under the criteria that the number of analysed fractions is 

approximately the same for all patients. 

 
Figure 1. Illustration of the effect on the dose distribution due to systematic and random set-up displacements.  
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2.2. Margin recipes 

 

The relation in Equation 6 is one of the most known models for calculating PTV margins and 

it was derived by van Herk et al. [2]. With the prospect of giving a minimum cumulative CTV 

dose of at least 95% of the prescribed dose to 90% to the patient population they analytically 

derived a relation based on probability of dose distributions due to different geometrical 

deviations.  No biological parameters were included and all parts of the CTV were considered 

equally important. The model has been developed with the set-up error, organ motion, 

penumbra effects and target delineation taken into consideration and it was derived using a 

spherical target with set-up deviations typical for prostate treatments. No rotational errors or 

shape deviations were considered.  

 

poppopPTV σ7.05.2 +Σ=      (6) 

 

The recipe was later modified when a new study was conducted [5]. The aim of the study was 

to develop a method for correct statistical evaluation of realistic treatment plans in terms of 

equivalent uniform dose, EUD, and tumour control probability, TCP, when different 

systematic and random errors are present. Based on the results from several simulations of a 

prostate plan with a variety of geometric errors a PTV margin was derived guaranteeing to 

give 90% of the patients a EUD of at least 98% but with no rotational errors taken into 

account. The recipe corresponds accurately with 1% TCP population loss for prostate plans 

with clinically reasonable values of Σpop and σpop. The recipe states that the PTV margin 

should be calculated according to Equation 7. 

 

mmPTV poppop 37.05.2 −+Σ= σ     (7) 

 

A similar model recipe was designed by Stroom et al. [6] where the PTV margin relation in 

Equation 8 was developed. The relation was designed with the prospect of giving a 95% dose 

to 99% of the CTV, and lung, cervix and prostate deviation data was used for validation 

testing. The effect of random deviations was simulated by a convolution of the dose 

distribution with the distributions of movements in three dimensions while the consequences 

of the systematic errors on the dose distribution were calculated with the help of dose 

probability histograms, DPH. The DPH represents the average dose volume histogram for all 
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systematic deviations in the patient group. The model does not include penumbra effects but it 

does include shape deviations and rotational effects.   

 

poppopPTV σ7.02 +Σ=      (8) 
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3. Methods 

3.1. Image acquisition and matching procedures 

Before the start of a radiation treatment series of computed tomography, CT, images are 

acquired and used for tumour delineation and dose planning. Small tattoos are placed on the 

patient defining the position on the examination table during the CT acquisition, called 

“origo”. During the dose planning stage the isocenter coordinates relative to the origo is 

stated. Before the delivery of the first treatment fraction the patient is placed on the table by 

aligning the room lasers to the tattoos and the table is moved according to the coordinates that 

corresponds to the isocenter. New skin markers defining the position of the isocenter are 

outlined on the patient and in most treatments the patient is placed on the table top directly in 

that position for the remaining fractions. Thereafter, matching procedures using portal images 

are often used in order to more accurately place the patient in the correct treatment position. 

 

The CT acquired image series are also used for creating the reference images needed for 

image matching. These reference images are created using the “external beam planning” 

application provided by Varian Medical Systems Incorporated. There are two types of 

reference images used at Karolinska University hospital, digitally reconstructed radiographs, 

DRR:s, and digitally composited radiographs, DCR:s. The DRR is created by projecting 

monoenergetic x-ray lines through the volumetric data into a 2D image plane. The 

information from transmission lines describes the attenuation throughout the voxels due to 

different anatomical materials [7]. The DCR is created in the same manner as the DRR with 

the difference of enhancing certain structures or soft tissue by limiting the range of CT 

numbers quantified in Houndsfield units used for displaying the image [8]. 

 

The portal images used for matching are acquired using the onboard imaging system, OBI, 

provided by Varian Medical Systems. The OBI system is connected directly to the treatment 

unit by two extendable opposing arms, ExactArms, mounted orthogonally to the gantry. One 

of the arms contains the actual x-ray source and the opposing the digital amorphous silicon 

flat panel x-ray detector. The flat panel detector contains 2048x768 pixel elements and is able 

to register active image areas of 40x30 cm2. The OBI system enables the use of 1D and 2D 

kilo voltage, kV, acquisition, 3D cone beam computed tomography, CBCT, and fluoroscopic 

imaging. The kV image and CBCT applications are used for correcting interfractional errors 
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while the fluoroscopic imaging can be used for gating techniques incorporated in order to 

account for the intrafractional errors caused by respiratory motion. 

 

There are two types of matching procedures used, online and offline matching. Online 

matching is performed by the personnel at the treatment unit before the delivery of a treatment 

fraction and offline matching is performed post treatment using saved image data. 

 

The online matching is executed using the OBI application provided by Varian Medical 

Systems. The acquired image is automatically overlaid on the reference image with the 

isocenter of the acquired image placed on top of the isocenter of the DRR or DCR. The 

matching can be performed either manually or automatically. The manual matching is 

performed by dragging the reference image until the matching structures are correctly aligned 

with the matching structures of the acquired image.  In order to detect the different structures 

of both images the software includes a “blend” function. Using the blend function different 

transparency layers of the acquired image can be obtained. Once the matching is executed the 

difference between the isocenter of the acquired image and reference image will be 

automatically registered in the software. Registrations are done in the vertical, longitudinal, 

lateral and rotational direction (Figure 2). The shift data will automatically be transferred to 

the linear accelerator and applied to the couch coordinates causing the table to move to the 

right treatment position. In order to enhance different structures in the images the OBI 

application enables the use of different window settings and filters. The automatic matching 

incorporate algorithms that automatically match different areas of the reference image to the 

acquired image. A region-of-interest, ROI, is placed around an anatomical landmark on the 

acquired image and the pixel values of the ROI are used for finding the corresponding 

structures on the reference images. After the matching is completed the shifts are registered 

and applied in the same way as for the manual matching. The algorithm used incorporate an 

“optimal fit” registration technique which can lead to relevant matching errors and the 

automatic matching should therefore be verified and matched manually if large deviations are 

noted.  

 

The image data used for the online matching is saved and can be used for offline matching 

and verification in the “Offline Review” application by ARIA provided by Varian Medical 

Systems Incorporated. Oncologists at the department use the application for verifying and 
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approving the treatment positions. The matching procedures used in Offline Review are 

performed in the same way as for the online matching with the ability of using both manual 

and automatic matching.  As can be seen in Figure 3 which displays the work environment of 

Offline Review there are also a number of applications available in the software such as 

windowing and filtering for enhancing the image quality of both the acquired image and 

reference image. Data from both online and offline matching are registered for each patient 

and can easily be exported from the application for further analysis.  

 

 
 

Figure 2. Schematic image of the directions and planes. 
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Figure 3. Working environment of Offline Review. 

 

 

3.2. Matching structures 

 At Karolinska University Hospital matching structures are usually drawn manually onto the 

DRR by an oncologist before the start of a treatment course, these help the RT technicians at 

the treatment units to more easily and efficiently execute the matching procedure.  

 

The oncologist can use two types of matching structures, either yellow or green (Figure 4). 

The yellow outlining is the precise matching structure defining the structure that should be 

accurately matched to the reference while the green outlining is an orientation structure with 

lower priority that might be outlining some bony anatomy in the near presence of the yellow 

structure. The green matching structure can be of help in cases where the actual matching 

structure is hard to recognise and thereby functioning as a support system.   
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Figure 4. Typical matching structures for prostate treatments with gold markers. 

 

3.3. Matching protocols 

At Karolinska University Hospital the patient treatment position is verified using different 

matching protocols. Most protocols enable correction of the interfractional systematic error to 

some extent, i.e. the deviation between treatment fractions, and a daily imaging protocol also 

aim to correct the random error (Figure 5). Currently, there is no matching protocol at the 

department that corrects for the intrafractional error, i.e. the deviations during a treatment 

fraction, of prostate and head and neck cancer treatments. The portal image application used 

for prostate and head and neck treatments are 2D-2D kV imaging where the images are 

acquired in the right-left and anterior-posterior plane.   
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Figure 5.Illustration of PTV margin needed for different matching protocol- 

 

3.3.1. Skin marker alignment  

Using skin marker alignment the patient is positioned in the right treatment position before 

the delivery of each fraction by aligning the room lasers to the markers defining the position 

of the isocenter, i.e. no matching is executed. In prostate treatments the isocenter markers are 

placed directly on the skin while in head and neck cancer treatments the markers are placed 

on the thermoplastic face mask used for fixation. When only using marker alignment no 

correction is done for either the interfractional systematic or random error and so the PTV 

margins used need to account for both. 

3.3.2. Daily matching protocol 

When using a daily matching protocol the patient is positioned using daily acquired images. 

In prostate treatments daily matching is used for patients with inserted fiducial markers. The 

markers are usually constructed of some kind of metal with high attenuation causing them to 

be easily detected on the kilo voltage acquired images. The reference image, DCR, used for 

fiducial marker matching is also created by enhancing the CT numbers associated with the 
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marker attenuation making it possible to execute the matching procedure with good accuracy. 

Online matching of fiducial markers is theoretically considered to remove the systematic and 

random interfractional error and the PTV margin only need to compensate for the 

intrafractional error [3]. Because of this the margins needed when using daily online matching 

of fiducial markers are typically much smaller than for other matching protocols. In head and 

neck cancer treatments daily matching protocols are used mainly on patients treated with 

intensity modulated radiation therapy, IMRT, and the matching structure used is some bony 

anatomy in the near vicinity of the target, CTV.  

 

3.3.3. Five day matching protocol 

A daily matching protocol cannot always be used due to the large workload that the method 

requires. Therefore an offline matching protocol of the bony anatomy is often used at 

Karolinska University Hospital where portal images are acquired for the first five days of 

treatment. During these five fractions online matching is performed in order to avoid large 

interfractional systematic errors.  If the mean correction required for the first five fractions is 

larger than a specific action level in any direction a correction of the isocenter will be done. 

An assessment to whether daily imaging is required for the remaining part of the treatment 

course or if weekly images are sufficient is also done. Weekly images are acquired in order to 

detect large time-specific trends such as weight loss or tumour shrinkage that might change 

the position of the target. If the correction needed during the weekly image matching exceed a 

tolerance level, the following two fractions are also matched and if the tolerance is still 

exceeded a new isocenter correction assessment is done. The action level used at the clinic is 

approximately 4 mm for prostate treatments and 3 mm for head and neck treatments. 
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Figure 6. Schematic illustration of the workflow at Karolinska University hospital when using a five day 

matching protocol. 

 

The five day offline matching protocol used at Karolinska University Hospital is similar to an 

offline matching protocol derived by Boer and Heijmen [9] called the NAL, No-action-Level, 

protocol. In the NAL protocol a fixed number of images in the beginning of the treatment is 

matched offline and used for making an isocenter correction. The NAL protocol includes no 

action level and no online matching is performed for the fractions used for the isocenter 

correction assessment. The NAL protocol has shown to decrease the interfractional systematic 

error and thereby decreasing the PTV margin needed in comparison to using skin marker 

alignment. The same effect is expected with the five day matching protocol used at 

Karolinska University Hospital. 

 

Five day matching 

< Action level ≥Action level 

Weekly images* Daily images Isocorrection 

Weekly images* Daily images 

*Weekly images 
<Tolerance level No action required 

≥Tolerance level Following two 

fractions 

matched 

≥Tolerance level => 

 new isocenter correction 

assessment. 
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3.4. Interfractional error 

3.4.1. Prostate 

In order to evaluate the PTV margins needed for different matching protocols used in prostate 

treatments, data from patients treated for prostate cancer during the period of 2009-2011 at the 

department of radiation treatment at Karolinska University hospital in Solna and at 

Södersjukhuset were used. The patients were all positioned with 2D-2D kV images and online 

matching of gold markers was performed before the delivery of each fraction throughout the 

course of treatment and all table corrections were registered. All patients were treated in a 

supine position and fixated with an individual vacuum cushion combined with an arm and 

head support. 

 

For the same patients a new offline matching of the bony anatomy was performed with the 

use of the image verification program “Offline Review” of ARIA, Varian Medical Systems 

Incorporated. The offline matching was done by contouring the bony anatomy by hand on the 

digitally composited radiograph, DCR, and matching it to the corresponding structure on the 

kV images for each imaged fraction. The matching structure used for the longitudinal and 

lateral direction was part of the bony pelvic region and in the vertical direction the pubic 

symphysis. In Figure 7 the difference between a gold marker matching and bony anatomy 

matching can be seen. 
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Figure 7.  Showing the difference between a gold marker and bony anatomy matching. The first row 

demonstrating an online matching of the gold markers and the second row an offline matching of the bony 

anatomy. 

 

The data from the matching of the gold markers and the bony anatomy was used for 

estimating the population systematic error, Σpop, and the random error, σpop. In this analysis, 

the delineation of the CTV was considered to be correct and transfer errors were considered to 

be negligible. The population systematic error therefore only includes the set-up and motion 

error. The PTV margin was determined according to the van Herk model seen in Equation (6).  

 

The interfractional PTV margin was determined for solely skin marker alignment and the 

following matching protocols; daily matching of the bony anatomy and a five day offline 

matching protocol of the bony anatomy with action levels 3, 4 and 5 mm. A three day offline 

matching protocol was also simulated in order to evaluate whether large differences are seen 

in comparison to a five day matching protocol.   
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PTV margins for skin marker alignment were analysed by using the corrections registered in 

the online matching of the gold markers for determining the population systematic and 

random error.  

 

By subtracting the shifts registered from the bony anatomy matching from the shifts registered 

for the gold marker matching the data needed to estimate the population systematic and 

random error corresponding to daily online matching of the bony anatomy was obtained. The 

Pearson´s r value was determined in each direction in order to investigate the correlation 

between the gold marker matching and the bony anatomy matching. An r value of one is 

measure of perfect linear relationship.  

 

The population systematic and random error corresponding to a five day and three day 

matching protocol of the bony anatomy was estimated by using the shifts registered for the 

first five and three fractions of the bony anatomy matching. These shifts were thereafter 

averaged in each direction and if the mean value exceeded the action level the value was 

rounded and applied as a correction to the remaining fractions, i.e. sixth and fourth fraction 

and forward, of the data from the online matching of gold markers. The corrected shifts were 

thereafter used for finding the interfractional systematic and random error. A two-sample 

Student´s t-test was used for determining significant differences between skin marker 

alignment and a five-day matching protocol for each patient, and a paired t-test was used in 

order to analyse if there is any significant difference between the different action levels or 

between using a five day versus a three day matching protocol. The equations used for 

calculating the Pearson´s r value and the Student’s t-tests can be seen in Appendix B.   
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Figure 8.  Work chart used in this study. 

 

3.4.2. Head and Neck  

For the analysis of the head and neck region two groups of patients were analysed. One group 

consisting mainly of patients treated at Södersjukhuset (Group 1) and one group consisting of 

patients treated at the Karolinska University Hospital in Solna (Group 2). 

 

The patients were all treated in the supine position with their head fixated in a thermoplastic 

face mask in combination with a neck pillow. The body was also fixated with an individual 

vacuum cushion or a mattress in combination with arm and knee supports. The treatment 

course usually consisted of two plans, PTVA and PTVB, with PTVB being a boost to the 

target area and PTVA also containing lymph nodes where microscopical spread might be 

present. PTVA usually consisted of 23 fractions and PTVB of 11 fractions. Most patients 

started with PTVA and thereafter received PTVB but some patients received a fraction from 

PTVA in the morning and one from PTVB in the evening. The reference image, DRR used 

for matching was acquired at the same CT session for both treatment plans. 
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In Group 1 a five day matching protocol was used for positioning the patients and the 

matching structure used was the first and second cervical vertebrae, C1-C2, as can be seen in 

Figure 9. The number of imaged fractions therefore varied for the remaining part of treatment 

depending on the magnitude of the deviations seen in the following weekly image check-ups.  

 

In Group 2 the matching protocol used was daily matching, and foremost include patients 

whom were treated with IMRT. The matching structure used was commonly all cervical 

vertebrae and some part of the base of the skull and lower jaw (Figure 10). 

 

 
Figure 9.  Typical matching structure used at Södersjukhuset for head and neck cancer treatments. 
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Figure 10.  Typical matching structure used at Karolinska University hospital for head and neck cancer 

treatments. 

  

Group 2 was used for estimating the PTV margins needed for solely mask marker alignment. 

By using the correction data registered from the matching performed before every delivered 

fraction the translation systematic and random error for the interfractional error was 

determined for the group of patients.  The systematic and random error was determined in the 

same manner as for the prostate patient evaluation. A simulation of a five day matching 

protocol of the bony anatomy with an action level of 3 mm was also evaluated. Significant 

differences between mask marker alignment and a five day matching protocol of the bony 

anatomy were determined for each patient using a two-sample Student’s t-test.  

 

Image data from treatments performed at the clinics indicate that the methods used for 

positioning the patient might not be as reliable as previously assumed and there might be a 

problem with fixation and matching structures used. In order to investigate if this is the true 

the deviations after online matching was measured for C1-C2 in the vertical and longitudinal 

direction and C4-C5 in all three directions. The front of the face causes the visual of C1 and 

C2 to be poor in the anterior-posterior acquired kV image causing the lateral deviation to be 

nearly impossible to outline and measure and was therefore not analysed (Figure 11). The 

measurement was executed on the first five fractions for each patient and in Group 2 three 

fractions in the middle and end of the treatment was measured. In Group 1 the number of 
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measured fractions in the middle and end of treatment varied since a five day matching 

protocol was used during the treatments. The deviation measurements were used for 

estimating what interfractional PTV margins are needed for the different structures when 

using a daily online matching protocol.  The margin was calculated using Equation 6. 

 

 
Figure 11. The structures used for deviation measurements. 

 

Because the matching structures are different between the two facilities a comparison between 

the deviations of the first five fractions was determined in order to estimate what method is 

more reliable. The statistic from the deviations from the start, middle and end of the treatment 

was used for determining whether the deviations are a problem already from the start of the 

treatment or if they arise during the course of treatment. In such circumstances the deviations 

might be caused by patient weight loss leading to less stable fixation and thereby allowing the 

patient to move more freely. Significant differences between facilities and the differences 

between deviations in the start and end of treatment were determined using a two-sample 

Student’s t-test on each patient.  

   

In order to estimate the extent of rotation and pitch of the head while fixated in a head mask a 

number of patients was analysed using an “angle-measurement”-tool provided in “Offline 

review”.  The number of patients and fractions per patient where the analysis is possible to 

execute were limited due to too tightly acquired images around matching structures. The 

image areas were often kept small in order to reduce the contribution from scattered radiation 
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which will reduce the image quality. However, in order to measure both the pitch and rotation 

of the head, images where large part of the head is visible are necessary. Therefore the group 

of patients used for the analysis were patients where a minimum of five image pairs are large 

enough for using the angle-measurement tool. Unfortunately, the images used were spread in 

time. For some patients the images analysed were acquired in the start of a treatment course 

while others were acquired in the middle and end of the course.  

 
Figure 12. Schematic picture of the different rotational notions used. 

 

A demonstration of the method for measuring the pitch and rotation of the head can be seen in 

Figure 13.  The pitch was measured in the vicinity of the first cervical vertebra where the neck 

is connected to the head, i.e. the centre of rotation. For the rotation measurement some bony 

structure in eye level was used. The measurement was done for both the acquired kV image 

and the digital reconstructed radiograph, DRR. The difference between the kV image and the 

DRR measurement gave an estimation of the pitch and rotation.  As seen in Figure 13 one leg 

of the angle-measurement tool was always aligned straight to one direction, the vertical in the 

pitch measurement and the longitudinal in the rotation measurement.   
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Figure 13. Demonstration of the angle-measurement tool used for head and neck rotation measurements.  

 

3.5. Intrafractional error 

Since there were no image data available for analysing the intrafractional error of prostate and 

head and neck cancer treatments, it was estimated by using previously published studies 

where different imaging techniques have been used for estimating the magnitude of motion 

during the extent of a treatment fraction.  

 

3.6. PTV margin 

The final PTV margin needed when taking both interfractional and intrafractional 

translational errors into account was determined according to Equation 9. 

 

2
int,

2
int,

2
int,

2
int, 7.05.2 rapoperpoprapoperpopPTV σσ ++Σ+Σ=   (9) 

 

The population inter- and intrafractional errors were added in quadrature since both errors are 

considered to be normally distributed [2]. 
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4. Results 

4.1 Prostate 

4.1.1. Interfractional error 

A total of 40 prostate cancer patients were used for the analysis and the number of imaged 

fractions vary from 20-30 per patient adding up to a total of 1008 imaged fractions. If the 

online matching of gold markers was poorly executed or simply incorrect the fraction was 

eliminated from the data and no matching of the bony anatomy was done for that particular 

fraction. Also, if the matching of the bony anatomy was hard to execute for some fraction 

because the 2D-2D kV images were very tightly taken around the gold markers so that the 

bony structure could not be visualized they were eliminated.  

 

The data from shifts registered for the online matching of the gold markers showed that the 

largest shifts occur in the vertical and longitudinal direction. In Table 1 the population mean 

shift, systematic and random error, and range of mean values can be seen. The PTV margin 

seen corresponds to the margin needed to account for the interfractional translation error using 

skin marker alignment. 

 

Table 1.  Population mean, range of means, systematic and random errors and corresponding PTV margins for 

the gold marker displacement data from 40 patients. 

Gold marker matching data (mm) 
 Vertical (AP) Longitudinal (SI) Lateral (RL) 
Mean -0.5 0.1 -0.1 
Σ 4.5 2.9 2.4 
Σ 2.7 2.0 2.0 
Range(min-max) -9 - 9.1 -4.1 - 9.4 -6.1 - 4.4 
PTV margin 13.1 8.7 7.6 

 

The difference between the online matching of the gold markers and the offline matching of 

the bony anatomy shows noticeable differences primarily in the vertical and longitudinal 

direction as can be seen in Figure 14. These data display the movement of the prostate since 

the set-up errors have been corrected for.  The differences in means in the population range 

from -4.3 to 5.5 mm, -7.1 to 4.6 mm and -1.0 to 1.9 mm in the vertical, longitudinal and 

lateral direction respectively (Table 2). The Pearson´s r value for the vertical direction was 
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found to be 0.85, longitudinal direction 0.58 and in the lateral direction 0.97. Since an r value 

of 1 is a measure of perfect linear relationship between variables the results show that the 

correlation between the prostate movement and the bony anatomy is best in the lateral 

direction while the longitudinal direction show largest deviations.   

 

 
Figure 14. Showing the difference in means for each direction between the online matching of gold markers and 

offline matching of the bony anatomy in the A) Vertical, B) Longitudinal and C) Lateral direction for each 

patient. 

 

Table 2.  Population mean, range of means, systematic and random errors and corresponding PTV margin (for 

daily matching of bony anatomy) from the data describing the difference between the online matching of gold 

markers and offline matching of the bony anatomy for 40 patients. 

Difference between gold marker and bony anatomy matching (mm) 
 Vertical (AP) Longitudinal (SI) Lateral (RL) 
Mean 1.0 0.6 0.2 
Σ 2.4 2.4 0.6 
σ 1.9 1.8 0.8 
Range(min-max) -4.3 - 5.4 -7.1 - 4.6 -1.0 - 1.9 
PTV margin 7.3 7.3 2.1 
 

 According to the results seen in Table 2, daily matching of the bony anatomy would reduce 

the margins considerably in all three dimensions in comparison to skin marker alignment. The 
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PTV margin needed to account for the interfractional translation error will be 7.3 mm in both 

the vertical and longitudinal direction and 2.1 mm in the lateral direction.  

 

The data corresponding to a five day matching protocol of the bony anatomy with a 4 mm 

action level show that the margins needed are almost as large in the vertical and lateral 

direction and even larger in the longitudinal direction compared to the margins needed for 

skin marker alignment (Table 3). However, only eleven patients showed significant difference 

in the vertical direction using a five day offline matching protocol in comparison to skin 

marker alignment and of these patients three became significantly worse while eight got 

significantly improved (p<0.05). For the longitudinal and lateral direction six and five patients 

respectively showed significant difference, of these five showed significant improvement and 

one got significantly worse in the longitudinal direction and three got better and two worse in 

the lateral direction (p<0.05). Also, no significant difference was found between any of the 

action levels or between using a five day versus a three day matching protocol (p < 0.05).  

 

Table 3. Calculated population systematic and random error and corresponding PTV margins for different 

matching protocols simulated using the data extracted from online matching of gold markers and offline 

matching of the bony anatomy for forty patients. 

 

Interfractional PTV margins (mm) 

Matching 

protocol 

Vertical (AP) Longitudinal (SI) Lateral (RL) 

Σ σ PTV Σ σ PTV Σ σ PTV 

5 day, Bony 
anatomy, AL:5mm 
 
 

4.1 2.6 12.0 3.1 2.0 9.1 2.5 2.2 7.7 

5 day, Bony 
anatomy, AL:4mm 
 

3.8 2.6 11.4 3.0 2.0 8.9 2.4 2.2 7.5 

5 day, Bony 
anatomy, AL:3mm 
 

3.1 2.6 9.5 2.9 2.0 8.7 1.9 2.2 6.3 

3 day, Bony 
anatomy, AL:4mm 

4.1 2.6 12.0 2.9 2.0 8.7 2.5 2.2 7.9 
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4.1.2. Intrafractional error 

A summary of different studies concerning the intrafractional error can be seen in Table 4.  

Ghilezan et al. [10] found that the most dominant factor in the extent of the intrafractional 

motion of the prostate is the status of the rectal filling. They found that with an empty rectum 

the movement would be less than 3 mm for 90% of the cases during 20 minutes after the 

initial imaging. With a full rectum larger movements would be expected. Alonso-

Aprizabalaga et al [11] found using pre- and post treatment 2D-2D kV imaging that the PTV 

margin needed to account for the intrafractional motion of the prostate would be 4.7, 6.2 and 

1.9 mm in the AP, SI and RL direction respectively.  The intrafractional random error 

reported by Sheng Li et al. [12] where a Calypso 4D registration system was used to 

continuously monitor the intrafractional motion was somewhat smaller than the results 

reported by Alonso- Aprizabalaga et al [11]. McNair et al. [13] on the other hand found that 

while using daily online matching of gold markers the margins needed would only be 1.3, 1.2, 

and 1.2 mm in the RL, SI and AP direction respectively.  

 

Table 4. Different studies concerning the intrafractional motion of the prostate during radiotherapy treatment. 

Intrafractional prostate studies 
 Author  Method Observations Sampling 

time 
Motion 
(mm) 

Margin 
(Σpop;σpop) 
(mm) 

Ghilezan et al. 
[10] 

Cine-MRI 6 patients, 3 
sessions/patient 

1 hr Range SD: 
0.7-1.7  
 

No margins 
evaluated. 

Alonso-
Aprizabalaga 
et al. [11] 

2D-2D kV 
imaging 

30 patients, 1330 
image pairs 

Pre- and post 
treatment 
images. 

Mean value: 
AP: -0.7  
SI: -0.1  
RL: 0.0  

AP: 
4.7(0.8;3.7) 
SI:  
6.2 (1.3;4.1) 
RL: 
1.9(0.5;0.9)  

Sheng Li et al. 
[12] 

Calypso 4D 
localization 
system 

105 patients, 775 
randomly selected 
fractions 

10-20 minutes Mean: 
AP: -0.75  
SI: -0.09  
RL: 0.20  

AP: 
(0.80;1.56) 
SI: 
(0.77;1.38) 
RL: 
(0.34;0.66) 
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McNair et 
al.[13]  

2D-2D kV 
imaging 

30 patients, 219 
anterior and 210 
lateral images 

Pre- and post 
treatment 
images. 

Mean(±1SD) 
AP: -0.1(2.0)  
SI: -0.1(1.8)  
RL: 0.2(1.3)  
 

AP: 
1.2(0.3;0.6) 
SI: 
1,2(0.3;0.7)  
RL: 
1.3(0.3;0.8)  

Beltran et 
al.[14]  

Electronic 
portal 
imaging 

40 patients, 1532 
fractions 

Pretherapy 
and during-
treatment 
images 

Not reported. AP: 
3.4(0.9;1.8) 
SI: 
3.4(1.0;1.2)  
RL: 
2.4(0.6;1.3) 

 

4.1.3. PTV margins 

The intrafractional systematic and random error used for the analysis of overall translation 

PTV margins corresponds to the results reported by Sheng Li et al. [12]. In Table 5 the 

calculated PTV margins needed for the different matching protocol used at Karolinska 

University Hospital and Södersjukhuset when taking both inter-and intrafractional translation 

errors into account can be seen.  

 

Table 5. PTV margin taking into account both intra- and interfractional translation errors. 

PTV margins based on intra-and interfractional translation errors (mm) 

 
Matching 
protocol 

Vertical (AP) Longitudinal(SI) 
 

Lateral(RL) 
 

Σ σ PTV Σ σ PTV Σ σ PTV 

Skin marker 
alignment 
 

4.6 3.1 13.6 3.0 2.4 9.2 2.5 2.3 7.9 

Daily,Bony 
anatomy 
 

2.5 2.5 8.1 2.5 2.3 7.9 0.7 1.1 2.4 

5 day, Bony 
anatomy, 
AL:4mm 
 

3.9 3.1 11.8 3.1 2.4 9.5 2.4 2.3 7.7 
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4.2 Head and Neck 

4.2.1. Interfractional error 

The analysis of the interfractional errors for head and neck cancer patients include 27 patients 

in Group 1 and 20 patients in Group 2. The number of imaged fractions analysed for Group 1 

varied between 6 and 23 with an average of 10 paired images per patient and in Group 2 the 

mean number of imaged fractions was 33.  

 

Group 2 was used for estimating suitable interfractional PTV margin when using mask marker 

alignment and a five day matching protocol of the bony anatomy with an action level of 3 

mm. The results for the population of patients can be seen in Table 6 and 7. Using a five day 

matching protocol with an action level of 3 mm did not reduce the margins needed in 

comparison to mask marker alignment. Only two patients needed an isocenter correction in 

the vertical direction, the corresponding number in the longitudinal and lateral direction was 

six and one respectively. One of these patients got significantly worse while one showed 

significant improvements in the vertical direction, five got improved in the longitudinal 

direction and one got worse and the patient in the lateral direction was significantly improved 

(p<0.05).  

 

Table 6. Mean, range of means, systematic and random errors with corresponding interfractional PTV margins 

(mask marker alignment) for the patient population of 20 patients using the data extracted from daily online 

matching of the bony anatomy. 

Bony anatomy matching data  (mm) 
 Vertical (AP) Longitudinal (SI) Lateral(RL) 

Mean -0.6 1.8 0.2 
Σ 2.1 1.4 1.4 
σ 1.6 1.7 1.6 
Range(min-max) -4.8 - 2.2 -0.9 - 4.1 -2.4 - 3.4 
PTV margin 6.3 4.8 4.0 
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Table 7. Calculated population systematic and random error and corresponding interfractional PTV margins for 

a five day matching protocol with an action level of 3 mm simulated using the data extracted from online 

matching of the bony anatomy for 20 patients. 

Interfractional PTV (mm) 
Matching 

protocol 

Vertical(AP) Longitudinal(SI) Lateral(RL) 
   

Σ σ PTV Σ σ PTV Σ σ PTV 
          
5-day, Bony 
anatomy, 
AL:3mm 
 

2.2 1.7 6.6 1.9 1.7 6.0 1.2 1.7 3.5 

 

The deviation measurement of the individual cervical vertebrae after online matching of the 

bony anatomy shows that there are considerable deviations noticeable in the vertical direction. 

In Figure 15 the mean vertical deviation of the first five fractions for all patients analysed can 

be seen for the measured structures; C1, C2, C4 and C5. 

 

The structure with smallest deviations was C2 and there was no significant difference between 

the deviations of C2 between the two groups (p<0.05).  This implies that the RT technicians 

use C2 as the main matching point regardless of the amount of matching structure outlined on 

the digitally reconstructed radiograph, DRR. Patient number six shows large deviations also 

for C2, but the deviations were large for all measured structures throughout the whole course 

of treatment which causes the matching to the DRR to be a tedious task and the patient should 

therefore be considered as an exception. However, there are noticeable deviations for the 

lower vertebrae C4 and C5 where mean patient deviations in the order of 6 mm were 

observed. Mean deviations of C1 were also in the magnitude of 4 mm for a number of 

patients. This kind of deviation at C1 will cause even larger movement higher up in the head 

and cheek area where the target often is situated. There were also some deviations noted in the 

lateral and longitudinal direction. In the longitudinal direction the mean deviation was in the 

order of 4 mm for a couple of patients, but not in the same manner as the vertical deviation 

since the movement was approximately in the same magnitude for all measured cervical 

vertebrae. The mean deviation in the lateral direction for C4 and C5 was found to be in the 

order of 2-4 mm for a number of patients but the majority of patients did not exceed a mean 

deviation of 2 mm. 
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Figure 15. The mean measured vertical deviation ± 1 SD of the first five fractions for each patient for the 

different structures: A) C1, B) C2, C) C4 and D) C5. 

 

The results show that C2 is the structure mostly used for online matching. The deviation 

results from the other measured cervical vertebra were therefore corrected with the deviations 

of C2. The corrected residual set-up error of the patient population and corresponding PTV 

margins of C1, C4 and C5 in the vertical direction when using daily matching of the bony 

anatomy can be seen in Table 8. The PTV margin needed for the longitudinal and lateral 

direction were also calculated but with no correction applied to the measured deviations since 

the deviation was approximately in the same order for all measured structures. The results can 

be seen in Table 9. 

 

Table 8. Residual vertical set-up error for C1, C4 and C5 after correction against the set-up error of C2 for the 

patient population of 47 patients. 

Corrected vertical set-up error of C1, C4 and C5 (mm) 
 C1 C4 C5 
Mean 0.7 -0.6 -0.3 
Σ 1.0 1.6 1.8 
Σ 1.3 1.4 1.6 
Range(min-max) -1.5 - 2.7 -5.2 - 2.5 -4.2 - 3.6 
PTV margin 3.4 4.9 5.7 
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Table 9. Calculated PTV margins according to the deviation measurements of C1, C2, C4 and C5 (47 patients). 

Interfractional PTV using a daily matching protocol (mm) 

 
Direction 

 

C1 
 

C2 C4 C5 

Σ σ PTV Σ σ PTV Σ σ PTV Σ σ PTV 
             
Vertical 
uncorrected 
 

1.1 1.3 3.5 0.4 1.1 1.7 1.5 1.6 5.0 1.7 1.8 5.5 

Longitudinal 
 
 

0.7 0.8 2.5 0.7 0.8 2.2 1.0 1.0 3.3 1.1 1.1 3.5 

Lateral 
 
 

- - - - - - 0.7 1.1 2.6 0.9 1.2 3.0 

 

Patients can experience considerable weight loss during the course of a treatment causing the 

mask and other fixation to become more unstable, therefore the difference between the 

deviations in the start, middle and end of treatment was investigated for the group of patients 

treated at Karolinska University Hospital where daily images were acquired. No time-specific 

trends were noted in any dimension when looking at the deviations of C5 which showed 

largest overall deviations. In Figure 16 the deviation of C5 in the start, middle and end of the 

treatment course can be seen. The start value is the mean of the deviation of the first five 

fractions in the course, the middle value is the mean of three continuous fractions in the 

middle of the course and the end value is the mean of the three last fractions of the course. 

Only four of twenty patients showed significant differences in the vertical direction between 

the first five fractions and the last three, of these patients one had less deviation in the end 

while three had larger deviations(p<0.05). In the longitudinal and lateral direction two and 

one patient respectively showed significant difference and all of them had larger deviations in 

the last three fractions of the course (p<0.05).  
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Figure 16.  Mean deviation of C5 for the start, middle and end of treatment: A) Vertical, B) Longitudinal, and 

C) Lateral direction. 

 

For the analysis of the rotation and pitch of patients fixated with a face mask 17 patients were 

used where the number of measured image pairs varied between 5 and 23 per patient with an 

average of 11 fractions per patient. The measurements were quite difficult to execute with 

good accuracy using the free-hand angle measurement tool causing the errors in the 

measurements to be approximately ±1º.  

 

 The results show an individual mean pitch in the order of 2º for a couple of patients and a 

maximum single fraction value of 6º was found for one patient. The mean individual rotation 

was in the order of 2.5º for a couple of patients and the largest noted single fraction rotation 

was 4.1º.  
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Table 10. Noted rotational errors for the patient population of 17 patients. 

Rotational error  (º) 
 Pitch Rotation 

Mean 0.0 0.3 
SD 0.9 1.0 
Range (min-max) -2.1 - 1.8 -1.2 - 2.6 

 

 

 
Figure 17. The mean A) Pitch and B) Rotation ± 1 SD for the patients used in the analysis. 

 

4.2.2. Intrafractional error 

In Table 11 the results from different intrafractional motion studies of head and neck patients 

using different imaging techniques can be seen. 

 

According to a study conducted by Mechalakos et al. [15] the intrafractional translational  

measurements showed no significant systematic error different from zero for any of the 

patients involved in the study when pre and post acquired 2D-2D kV images were used in the 

assessment. Den et al. [16] reported that using pre- and post acquired CBCT images when 

positioning the patient that the population intrafractional systemic error would be 0.4 mm for 

both the lateral and vertical direction and 0.7 mm in the longitudinal direction. The population 

intrafractional random error was found to be 0.9 mm, 1.2 mm and 1.1 mm in the lateral, 

vertical and longitudinal direction respectively. The population intrafractional random error 

found by Suzuki et al. [17] is slightly larger than the random errors reported by Den et al. 

[16]. Oita et al. [18] studied the intrafractional motion of head and neck cancer patients 

treated with IMRT using fluoroscopic image pairs with a mean of 5 images per treatment 
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fraction. According to the results the population systematic intrafractional error would be 0.2, 

0.6 and 0.5 mm and the population random error would be 1.0, 1.9 and 2.0 mm in the lateral, 

vertical and longitudinal direction.  

 

Table 11. Different studies concerning the intrafractional error of the head and neck during radiotherapy 

treatment. 

Intrafractional head and neck studies 

Author  Method Observations Sampling 

time 

Motion 

(mm) 

Margin(Σ;σ) 

(mm) 

Mechalakos 
et al.[15] 

2D-2D kV 
images 

7 patients, 69 
data points 

Post and 
pre 
treatment 
acquired 
images. 

Mean±1SD 
RL:0.0±0.1  
AP: -0.1±0.2 
SI:0.0±0.1 
 
 

No patients had 
systematic 
intrafractional 
errors 
significantly 
different from 
zero. 
 

Den et al. 
[16] 

CBCT 28 patients, 
1013 scans 

Post and 
pre 
treatment 
acquired 
images. 

Mean±1SD 
RL:0.7±0.8  
AP: 0.9±0.9 
SI:0.9±0.9 
 
 

RL: 1.6(0.4;0.9) 
AP: 1.9(0.4;1.2) 
SI: 2.5(0.7;1.1) 
 

Suzuki et al. 
[17] 

X-ray 
simulator 

9 patients Every 3 
min for 15 
min  

Mean: 0.2 
mm 
Max: 0.4 mm 

LR: 
(0.3-0.7;0.3-0.6) 
AP:  
(0.2-0.8;0.4-0.5) 
SI:  
(0.5-0.8;0.5-0.6) 

Oita et al. 
[18] 

RTRT-
system using 
fluoroscopic 
image pairs. 

8 patients Mean of 5 
image pairs 
per 
treatment 
fraction. 

Mean±1SD 
RL:-0.1±1.0  
SI: -0.3±2.4 
AP:-0.5±2.4 
 

LR:(0.2;1.0) 
AP: (0.6;1.9) 
SI: (0.5;2.0) 

Kim et al. 
[19] 

Infrared IR 
camera 

5 patients Entire 
treatment 
duration of 
IMRT 
treatment. 

< 1.5 mm 
displacement 
for 95% of 
time. 
Maximum: 
2.0 mm 

No calculated 
margins. 
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4.2.2. PTV margins 

The final PTV margins taking into account both the interfractional and intrafractional 

translation error can be seen in Table 12. For the intrafractional motion the systematic and 

random error were estimated by using the study conducted by Den et al. [16]. The results 

show that using mask marker alignment the PTV margins required will be 6.7 mm in the 

vertical direction, 5.3 mm in the longitudinal direction and 4.9 mm in the lateral direction and 

no reduction in margins were obtained using a five day matching protocol of the bony 

anatomy with an action level of 3 mm. Also, the margins needed in the vertical direction for 

C4 and C5 show that the margins calculated for all matching protocols need to be expanded 

further in lower situated structures in order to cover the movement of the target. No lateral 

PTV margin corresponding to C1 was calculated since no deviation measurements were 

obtained for that structure. 

 

Table 12. PTV margins taking both inter-and intrafractional errors into account.  

PTV margins based on inter-and intrafractional translation errors (mm) 

Matching 
protocol 

Vertical [AP] 
 

Longitudinal [SI] Lateral [RL] 

Σ σ PTV Σ σ PTV Σ σ PTV 
Marker alignment  
 
 

2.1 2.0 6.7 1.6 2.0 5.3 1.5 1.8 4.9 

5 day, Bony 
anatomy, AL:3mm 
 

2.2 2.1 7.0 2.0 2.0 6.5 1.3 1.9 4.5 

C1, Daily 
 
 

1.1 1.8 3.9 1.0 1.4 3.4 - - - 

C4, Daily 
 
 

1.7 1.8 5.4 1.2 1.5 4.1 0.8 1.3 3.0 

C5 ,Daily 
 
 

1.8 2.0 6.0 1.3 1.6 4.4 1.0 1.5 3.4 
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5. Discussion  

5.1. Prostate 

5.1.1. Interfractional error 

The movement of the prostate can vary significantly during the course of treatment. 

According to the results from the gold marker matching the largest interfractional movement 

of the prostate is in the vertical and longitudinal direction (Table 1). This is in agreement with 

a study by Frank et al. [20] who found using an integrated CT-linear accelerator on fifteen 

patients that the mean systematic prostate variation was 0.1± 4.1mm, -0.5±2.9 mm and 0.2 ± 

0.9 mm in the AP, SI and RL direction respectively. McNair et al. [13] found that the 

interfractional systematic set-up error of the prostate would be 3.6, 2.4 and 1.8 mm in the AP, 

SI, and RL direction respectively when they analysed 30 prostate patients using electronic 

portal images.  

 

 A study conducted by Tanyi et al. [21] where PTV margins were determined for several 

alignment techniques using set-up data from daily acquired CBCT found that skin marker 

alignment would require an interfractional PTV margin of 16.0 mm, 10.9 mm and 7.3 mm in 

the AP, SI and RL direction respectively. In the previously mentioned study by McNair et al. 

[13] the interfractional margin needed using only skin marker alignment would be 11.0, 7.5 

and 6 mm in the AP, SI and RL direction. The PTV margins required according to this study 

are somewhat smaller than the results presented by Tanyi et al. [21] but the number of 

patients used in this study is almost twice as many (Table 1).  

 

In many prostate radiotherapy treatments fiducial markers are inserted into the prostate. With 

the use of these markers the position of the prostate can easily be verified by different IGRT 

techniques before the delivery of each fraction. The fiducial markers have also shown to stay 

stable in the position in which they are inserted [13]. It has repeatedly been shown that the 

movement of the prostate is not always reflected in the movement of the bony anatomy, 

making it a poor substitute [13, 21, 22]. While the displacement in the lateral direction is quite 

cohesive, the correlation in the vertical and longitudinal direction is poor [22]. This is also 

seen in the results from this study where the cohesiveness in the lateral direction between the 
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bony anatomy and gold markers was found to be relatively strong (r value of 0.97) while the 

relation in the longitudinal and vertical direction (0.58 and 0.85 respectively) was quite poor. 

This is due to the fact that the motion of the prostate is affected more by factors like rectal and 

bladder filling in the vertical and longitudinal direction than in the lateral direction. A study 

comparing matching of the bony anatomy to matching against fiducial markers showed that 

different actions would have been required in approximately 40-50% of fractions in the 

vertical and longitudinal direction [13].  The margins needed when using daily matching of 

the bony anatomy was found to be significantly smaller in all dimensions in comparison to the 

margins needed for skin marker alignment(p>0.05). The calculated margins (Table 2) are in 

agreement with the results reported by Alonso-Aprizabalaga et al. [11] who found that the 

interfractional margin required for daily matching of the bony anatomy would be 6.6 mm, 5.9 

mm and 4.4 mm in the AP, SI and RL direction respectively. Beltran et al. [14] also 

investigated PTV margins for different matching protocols using 40 patients with pre, during 

and post electronic imaging. They found that the PTV margin needed to account for the 

interfractional error using daily bony anatomy localization would be 3.1 mm, 8.9 mm and 

10.7 mm in the RL, SI and AP direction respectively which is somewhat larger especially in 

the AP direction than the results found in this study. However, each margin is institution 

specific and small differences are to be expected even though the methodology is the same.  

 

Using a five day matching protocol of the bony anatomy with a 4 mm action level the 

required interfractional PTV margin needed was only slightly reduced in the vertical and 

lateral direction and somewhat larger in the longitudinal direction in comparison to the 

margins needed for skin marker alignment even though the systematic error is expected to be 

reduced (Table 3). The data used for the analysis of the five day correction protocol was 

produced by averaging the first five fractions of each patient of the bony anatomy matching 

and thereafter applying a correction to the remaining fractions from the gold marker matching 

if the average shift for the first five fractions exceeded the action level. However, in reality 

the offline matching protocol of the bony anatomy also include weekly images to detect large 

systematic deviations and the reduction in PTV margins when using daily matching of the 

bony anatomy indicate that the method indeed should reduce the margins in comparison to 

skin marker alignment if the weekly images were included in the analysis.  In addition the 

number of patients that needed an isocenter correction according to the first five fractions 

from the bony anatomy matching was at most 27.5% in the vertical direction while only 5% 
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needed a correction in the lateral direction. With no correction applied the difference between 

the data used for the analysis of the five day matching protocol  in comparison to the data 

used for the skin marker alignment calculation is simply that the number of fractions per 

patient is reduced by five. The results are in conflict with some of the previous published 

studies where different offline correction protocols are analysed. Boer and Heijmen [9] found 

that the systematic error should be significantly reduced using a NAL protocol which has 

large similarities with the protocol used at the Karolinska University Hospital with the 

difference of using no action level and performing no online matching for the first number of 

fractions used for finding the correction. The study of Litzenberg et al. [22] is more cohesive 

with the results from this study. They acquired daily images from ten patients and gold 

marker and bony anatomy matching data was used for simulating a 3-day and 5-day NAL 

matching protocol of the bony anatomy. The results only showed significant improvement for 

four patients with both protocols while the remaining patients stayed unchanged or got worse 

in comparison to skin marker alignment. 

 

5.1.2. Intrafractional error 

When evaluating suitable PTV margins for prostate cancer patients not only the interfractional 

motion can be considered but also the intrafractional motion must be taken into account. The 

study by Sheng Li et al. [12] was used for estimating the intrafractional systematic and 

random error since no imaging data is available at the clinic for evaluation at the time being. 

The results reported in the study were based on a large number of patients and the monitoring 

of the prostate movement was done during 10-20 minutes which is a time frame similar to the 

duration of a prostate treatment at the radiotherapy treatment department of Karolinska 

University hospital in Solna and Södersjukhuset.   

 

5.1.3. PTV margins 

Currently, the PTV margins used for prostate treatments at the department of radiotherapy are 

5 mm for daily gold marker matching and 15 mm for other matching protocols except dorsally 

towards rectum where a 10 mm margin is used. The results from this study show that the PTV 

margins needed when using skin marker alignment for positioning the patient while insuring 

that a minimum cumulative CTV dose of at least 95% of the prescribed dose is given to 90% 
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of the patient population is inadequate in the vertical direction if no daily imaging of the bony 

anatomy is executed.  

 

Assuming that daily matching of gold markers would completely eliminate the interfractional 

error the margins required would only need to account for the intrafractional errors and the 

margins would be 3.1, 3.0 and 1.2 mm in the AP, SI and RL direction according to the results 

reported by Sheng Li et al. [12]. Even if there were imaging techniques available for correctly 

positioning the target and eliminating both the inter and intrafractional error there are still 

other uncertainties such as the preciseness of the tumour delineation, errors due to the 

calibration of the imaging systems and slice thickness of the CT acquired images used for 

treatment planning that will be present. A number of studies have shown that asking several 

oncologists to delineate the same structures on CT images will show large intraobserver 

variations since the knowledge of the actual extent of the microscopic spread of tumours often 

is limited [23, 24, 25]. The calibrations of the imaging systems also incorporate tolerance 

levels (2 mm at Karolinska University Hospital) and so the image information might not be 

completely accurate. These errors cannot be corrected for with any matching protocol and will 

therefore require a small PTV margin. With common imaging techniques, using fiducial 

markers is the best way of correctly identifying the position of the target, and although they 

have shown to be stable in their initial position deviations can occur. Also, using 2D-2D kV 

imaging is not as reliable as 3D imaging techniques such as CBCT. Therefore, the PTV 

margin used for daily matching of gold markers should not only be based on the 

intrafractional error. 

 

Because the PTV margins for daily gold marker matching are based on the intrafractional 

studies of other departments and on the assumption of totally eliminating the interfractional 

error they should not be used as an argument for decreasing the currently used margins of five 

millimetres.  Also, no rotational or deformation errors were incorporated in the analysis. 

 

Since the number of patients that showed significant difference using a five day matching 

protocol of the bony anatomy with a 4 mm action level in comparison to skin marker 

alignment were so limited in any direction, any reduction in PTV margin are not 

recommended.  
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 5.2. Head and Neck 

5.2.1. Interfractional error 

The extensive use of new treatment techniques such as IMRT and Rapid Arc use steep dose 

gradients and the need to position the patient in the right treatment position is crucial. 

Mechalakos et al. [15] published a study where kV imaging was used to find set-up deviations 

in IMRT for head and neck patients. They found that the interfractional systematic set-up 

error was 1.0, 2.0 and 3.0 mm in the RL, AP and SI respectively. The results from this study 

show similar results in the vertical direction, while the deviations in the longitudinal direction 

are smaller and lateral direction larger (Table 6). The number of patients used in this analysis 

is however more than twice the number used in the study conducted by Mechalakos et al [15]. 

 

 Den et al. [16] reported that in the absence of daily image-guided radiotherapy the PTV 

margins needed would be 3.9 mm, 4.1 mm and 4.9 mm in the lateral, longitudinal and vertical 

direction respectively. The vertical and longitudinal margin in this study is somewhat larger 

than the one derived by Den et al. [16] while the lateral direction is cohesive (Table 6).   

 

The simulation of a five day matching protocol of the bony anatomy with a 3 mm action level 

did not reduce the interfractional margins needed compared to skin marker alignment (Table 

7). As for the results from the prostate evaluation only a few patients exceeded the action 

level of 3 mm and required an isocenter correction and no weekly images were taken into 

consideration which would under real circumstances probably correct for large set-up 

displacements.  

 

Using daily imaging when treating head and neck cancer patients fixated with thermoplastic 

face masks and neck pillows have been shown to clearly reduce the interfractional PTV 

margins required to ensure enough coverage of the CTV [16, 26, 27]. The measured 

deviations of the different structures in this study suggest that different regions experience 

different amount of movement and that no single online correction shift would have 

efficiently corrected all structures simultaneously. The currently used margin of 4 mm would 

be inadequate in covering the residual set-up errors of C4 and C5 found in the vertical 

direction even though C2 was perfectly matched (Table 8). Similar results were reported by 

Zhang et al. [28] who used three different regions-of-interest, ROIs, for analysing the 
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movement of the head and neck patients. Fourteen patients were enrolled in the study and a 

CT-on-rail system was used for analysing shifts of C2, C6 and the maxilla. They found that 

noticeable differences in the order of 2-6 mm existed between any 2 ROIs. Von Kraven et al. 

[29] also investigated the set-up error of several sub-regions and what PTV margins would be 

required for the different regions using an offline correction protocol and found that the 

margins needed would be 4.2 mm, 4.8mm and 6.0 mm for C1-C3, C3-C5 and C5-C7 

respectively in the vertical direction.  

 

The mean interfractional pitch and rotation found in this study (Table 10) was smaller than the 

interfractional rotational errors found by Mechalakos et al. [15] which were -1.1±1.7 and -

0.5±0.9 º. Oita et al. [18] reported that the mean interfractional pitch was -0.8 º and the 

rotation was 0.6 º when investigating eight patients with a real-time tumour tracking system 

using a mouthpiece with implanted fiducial markers.  Hong et al. [30] reported on daily set-up 

error of 0.5±2.3 º in the pitch and 0.5±1.6 º in the rotation when a group of ten patients were 

analysed. Since the measurement of the rotation and pitch was difficult to execute the results 

should not be used for further evaluation between studies or of interfractional systematic and 

random errors. Also, since the fractions analysed for each patient was acquired during 

different parts of the treatment course no analysis of time-trends can be performed for the 

group of patients with good reliability. However, a 2º pitch and 2.5º rotation which is the 

maximum mean deviations noted in the group of patients will have little effect on the 

deviation in the longitudinal and vertical direction.  

 

5.2.2. Intrafractional error 

The results from the study by Den et al. [16] were chosen for an estimation of the 

intrafractional translation systematic and random errors. The other studies viewed had such 

small number of patients incorporated in their analysis and the information about the 

intrafractional motion from the study by Den et al. [16] was gained through CBCT images 

which gives more information than using orthogonal image pairs.   

 

5.2.3. PTV margins 

Currently, the PTV margin used at the department of radiotherapy at Karolinska University 

Hospital in Solna and Södersjukhuset for head and neck cancer patients positioned with a 
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mask is 4 mm. Head and neck cancer patients are either positioned using a five day matching 

protocol of the bony anatomy or by daily matching of the bony anatomy. Since the number of 

patients who got significantly better using a five day matching protocol with an action level of 

3 mm were so few in comparison to using marker alignment, using a 4 mm margin might not 

be adequate for covering the movement of the target, CTV.  

 

When using a daily matching of the bony anatomy the required PTV margin cannot only be 

based on the intrafractional error by assuming that the interfractional error is totally 

eliminated. This is even more true for the case of daily matching in head and neck treatments 

than in prostate treatments since there are no fiducial markers implanted that will give a 

correct position of the target itself. Instead bony structures are used and even thought the 

movement of the target is more reflected in the movement of the bony anatomy than in 

prostate treatments, deviations to some extent are surely existent.  

 

Further, the deviation measurements of the different structures clearly demonstrate that the 

margins needed cannot be uniform for the entire target in the vertical direction since it often 

extends from somewhere in the upper jaw down to shoulder height (Table 12). In addition to 

the risk of the dose to the lower target regions becoming too low when using a 4 mm margin 

the large movement might bring parts of the medulla into the full dose region for patients with 

large deviations. Therefore, in addition to increasing the PTV margin there might be good 

reason for placing a safety margin around the risk organ, medulla, during dose planning to 

ensure that it is not subjected to harmful dose levels.    

 

The PTV margins required according to the residual measurements in the longitudinal and 

lateral direction ranged between 3.4 to 4.4 mm and 3.0 to 3.4 mm respectively. Because no 

rotational or deformation error are included in the PTV calculations the currently used margin 

of 4 mm might need to be extended to 5 mm. This is also the PTV margin used for head and 

neck cancer treatments at several other clinics when using daily imaging [16, 31]. A study by 

Chen et al. [26] where the patterns of disease failures between IMRT patients treated with a 3 

mm margin and a 5 mm margin were compared found that the use of a 3 mm margin did not 

increase the local-regional failures during a two-year period.  However, the authors do point 

out the follow-up was somewhat limited among the population.  

 



 

 

50

6. Conclusions 

The results from the prostate measurements indicate that in the absence of daily matching the 

currently used margin of 10 mm might be inadequate in covering the movement of the 

prostate in the vertical direction. Using a five day matching protocol of the bony anatomy 

showed improvements for such a small part of the patient population in comparison to using a 

skin marker alignment protocol that any reduction in PTV margins are not recommended, 

especially in the vertical and longitudinal direction.  

 

In head and neck cancer treatments the deviation measurements of the different cervical 

vertebrae clearly indicate that the currently used PTV margin of 4 mm when using daily 

imaging of the bony anatomy is not adequate for covering the movement of all structures in 

the vertical direction. The movements of the lower vertebra show large residual deviations 

and calculated PTV margins in the order of 6 mm are needed in order to account for the 

movements. An increased margin might therefore be needed in the vertical direction and 

attention should be paid towards ensuring that the risk organ, medulla, is not subjected to 

harmful dose levels due to the movements in the lower target regions. Also, although the 

movements in the longitudinal and lateral direction were more cohesive for the measured 

structures and the maximum calculated PTV margins were in the order of 4.0-4.4 mm. This 

indicated that the margin should be increased to 5 mm since no rotations or deformations were 

taken into account. 

 

The simulation of using a five day matching protocol of the bony anatomy showed, as for the 

prostate analysis, very small improvements in the positioning for the patient population. Also, 

the results are based on the fact that the matching data is reliable in the sense that the target is 

in the correct position post matching. The residual measurements however show that this is an 

incorrect assumption. Therefore, the currently used margin when using a five day offline 

matching protocol of the bony anatomy should be increased. 
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7. Future work 

In the analysis of the final PTV margin the intrafractional errors were based on the results of 

other studies executed at other radiotherapy departments. Therefore in order to fully 

investigate the margins required for the radiotherapy departments of Karolinska University 

hospital in Solna and Södersjukhuset, especially using daily matching protocols, a study of the 

intrafractional error should be executed since all margins are dependent on the fixation and 

methods used at the clinic in hand.   

 

In addition, no rotational or deformation error were taken into account since the image data 

was insufficient for executing such an analysis. Especially the rotational errors should be 

investigated since there might be considerable deviations due to rotation both in prostate and 

head and neck treatments.  For such an analysis, daily CBCT series should be acquired since 

3D information is needed for proper measurements and evaluations.  

 

Also, in the prostate evaluation no attention was paid to movement of the seminal vesicles. 

Studies have shown that they often move independently to the prostate and should perhaps 

therefore be included in the PTV margin evaluation since they often are included in the target, 

CTV.  

 

The deviation of the different structures in the head and neck treatments should be further 

investigated and the deviation of higher situated structures in the head, for example the 

deviation of the maxilla, should be measured. Since the deviations of C1 already differed 

quite extensively from C2 there is reason to believe that even larger deviations are present in 

higher lying structures in the areas of the actual tumour region.      
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Appendix A 

 

The displacement data of the gold marker matching for each patient used in the prostate 

analysis in the vertical, longitudinal and lateral direction can be seen in Figure 18. 

 

 
 

Figure 18. Showing the mean displacement ±1 SD for each patient according to the matching of gold markers 

for the A) Vertical, B) Longitudinal and C) Lateral direction. 

 

The displacement data in the vertical, longitudinal and lateral direction corresponding to the 

daily matching of the bony anatomy of each patient in Group 1 and 2 used in the head and 

neck analysis can be seen in Figure 19 and 20. 
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Figure 19. Showing the mean displacement ±1 SD for each patient in Group 1 (27 patients) corresponding to the 

online matching of the bony anatomy in A) Vertical, B) Longitudinal and C) Lateral direction. 

 

 

Figure 20. Showing the mean displacement ±1 SD for each patient in Group 2 (20 patients) corresponding to the 

online matching of the bony anatomy in A) Vertical, B) Longitudinal and C) Lateral direction. 
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The mean residual displacement of the first five fractions for every patient corresponding to 

each measured cervical vertebrae in the longitudinal and lateral direction can be seen in 

Figure 21 and 22. 

 

 
Figure 21. The mean residual deviation ± 1 SD of the measured structure C1-C2 and C4-C5 in the longitudinal 

direction. 

 
Figure 22. The mean residual deviation ± 1 SD of the measured structure C4-C5 in the lateral direction. 
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Appendix B 

 

The Pearson´s r value was determined according to Equation 10, 
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where x and y are series of n measurements and x and y are the corresponding mean values. 

 

The t-value corresponding to a two-sample Student´s t-test was determined according to the 

relation in Equation 11.  
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In Equation 12, s is the variance and n is the number of data points in each sample. For 

significance testing the corresponding number of degrees of freedoms used was: (nx+ny-2). 

 

The t-value corresponding to a paired Student´s t-test was determined according to the 

relation in Equation 13. 
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where X  is the mean and sD the variance of the difference between all pairs of two samples. 

For significance testing the number of degrees of freedoms used was: (n -1). 
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