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CHAPTER 1 

QUALITY CONTROL AND TREATMENT VERIFICATION 

IN RADIOTHERAPY 
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1.1. Introduction 

In radiation oncology, the treatment aims include cure of cancer (curative 

radiotherapy), a prolongation of the progression- or symptom free interval, 

and/or the palliation of symptoms (palliative radiotherapy). In the curative 
setting, the purpose of radiotherapy is to eradicate a patient's cancer, while 

preserving normal anatomy and function. Ideally, this would be achieved by 
treating the tumor volume to a radiation dose offering a maximum probability of 

tumor control, without causing damage to the surrounding healthy tissue. 

Realistically, however, the dose level will be chosen as a result of balancing the 

probability of tumor control and the risk of serious complications, thus accepting 

a certain level of minor complaints and a small risk of major complications. 

The radiation oncologist defmes the target volume to be irradiated from the 

known tumor extension and/or the tissues at risk of containing tumor cells 

(subclinical disease), which is called the clinical target volume (CTV) (61). A 

margin is then added to compensate for the effects of organ and patient 

movement and inaccuracies in beam and patient setup: the planning target 
volume (PTV). The radiotherapy treatment fields are planned tightly around the 

PTV, in order to ensure treatment of the PTV to a high dose, while reducing the 

dose delivered to the surrounding normal tissues. The volume in the patient 

which will receive ;:" 95 % of the prescribed dose is called the treated volume, 
which ideally matches the PTV closely. The volume which will receive a dose 

that is considered significant in relation to normal tissue tolerance is called the 
irradiated volume (61). Often the 20% or 30% dose level is chosen to represent 

the irradiated volume. 

The radiation which is delivered to a target volume in a patient causes damage 

to the DNA in the constituent cells of the tissues within the target vblume. The 
DNA contains the genetic information of the cells. Prior to a cell division, the 

DNA of the cell is duplicated. If the DNA is damaged, its duplication is 

impeded, and cell death ensues at a subsequent cell division. This is particularly 

the case for damage inflicted to both strands of the DNA helix, so-called double 

strand breaks. Normal tissues are able to repair most of the sublethal damage 

inflicted to its DNA, while delaying cell division until the DNA is repaired. In 
general, the repair capacity of tumors is less than that of most normal tissues. 

To make use of the differences between normal tissues and tumors, the total 
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radiation dose is usually given in a so-called fractionated treatment: a course of 

radiotherapy, consisting of a large number of short daily treatments delivering a 

small radiation dose, conventionally with a 24 hour interval between the 

treatments. Such fractionation spares normal tissues because of repair of 

sublethal damage in the interval between the treatment fractions. At the same 
time fractionation can result in Wgher tumor cell kill because of reoxygenation 

and redistribution of cells into radiosensitive phases of the cell cycle (49). The 

differences in radiation sensitivity and fractionation sensitivity between the 

tumor and its surrounding normal tissues determine if the dose, required for 
tumor control, can be safely delivered. 

In practice, the radiation oncologist designs a treatment plan for a patient based 
on the characteristics of the patient and the specific tumor type, the tumor site, 

and additional factors such as preceding treatment (e.g. surgery), the pathology 
report, radiological findings, etc. Usually, a curative radiation treatment consists 

of 25-35 daily fractions. In the preparatory phase, the treatment fields are 

sinmlated and treatment planning is carried out. A simple treatment plan 

consists, for example, of two parallel opposed beams. More often, multiple 
beams are used to restrict the high dose area to the area immediately 

surrounding the tumor. Modern computer planning systems enable three
dimensional (3D) treatment planning using computed tomography (CT) scans to 

design individually shaped treatment fields tightly planned around the PTV. This 

treatment technique, using individually shaped fields conformed to the specific 

tumor volume with maximum sparing of the surrounding normal tissues, is 

called conformal therapy. Its benefits can be used in two ways: either to reduce 

the risk of normal tissue complications without reduction of the tumor control 
probability, or to escalate the dose to increase cure rates, without increasing 

complication rates. 

At the time of simulation, the position of the treatment fields is defined and 

radiographs are taken of the treatment fields for documentation. The isocenter of 
the fields is marked onto the patient's skin, as well as longitudinal and lateral 

reference lines for precise positioning. Depending on the treatment technique 
chosen, simulation either precedes or follows treatment planning. In case of CT 

scan planning, in some instances digitally reconstructed radiographs (DRR) of 
the treatment fields can be produced which obviate the need for physical 

simulation (so-called virtual simulation; see also Chapter 6, section 6.2). In that 
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case, definitive isocenter marking is carried out at the CT unit. All individual 
treatment data (including the treatment field characteristics such as field width 

and length, gantry angle, and wedges, as well as the details of patient 
positioning such as the immobilization device used) are noted on the patient 

treatment chart and entered into the patient's computer file. At the treatment 
unit, the daily radiation treatments are given. After careful patient setup, the 

prescribed fraction dose is delivered, which takes only a few minutes. These 
25-35 daily treatments are usually given on weekdays during five to seven weeks 

(Fig. I). 
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Figure 1. The process of radiotherapy. V,e radiation ollcologist decides all the indication for 
treatmelll and designs a treatment plall. Treatmellf simulation alld planning is carried out, 
followed by the daily delivery of radiation treatmellls at the treatment Ullit. 
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1.2. Quality assurance in radiotherapy 

In today's practice of radiotherapy it is essential to have a quality assurance 

program monitoring all steps in the chain between the first patient contact to the 

last treatment session. It is common practice to have regular quality control 

procedures for the treatment units and simulators. The verification of daily 

patient treatment includes the monitoring of the accuracy of the delivered dose 

(in vivo dosimetry) and of the accuracy of patient positioning. 

In Dutreix's noteworthy lecture "When and how can we improve precision in 
radiotherapy?" (33) the various stages of the radiotherapy planning and treatment 

procedure are described, together with the responsible specialists, the sources of 

errors in each stage of the process and the level of accuracy to achieve. It is 

clear that the achievement of accuracy in radiotherapy requires a multidisciplin
ary effort which can best be accomplished by a dedicated team of radiation 

oncologists, physicists, and radiotherapy technicians. The prescription of the 
dose to be delivered and the determination of the target volume to be treated are 

responsibilities of the radiation oncologist. The exact delivery of that dose to a 

reference point, the homogeneity of the dose distribution, the number of monitor 

units to set for each field, and the day-to-day reproducibility of patient setup are 
to a great extent the shared responsibility of radiation oncologists, physicists and 

technicians. 

The introduction of computers into radiotherapy planning and treatment has 

enabled precise monitoring of many aspects of the daily delivery of radiation 
treatment. For example, the calculation of dose distributions for complicated 

treatment plans has become reproducible within narrow and known limits. 
Record-and-verify systems ensure the precise monitoring of machine parameters 

such as couch position, gantry angle and collimator rotation. At the same time, 
3D computer planning systems and linear accelerators equipped with multileaf 

collimators have become available which enable conformal therapy. The devel
opment of conformal therapy has led to the design of treatment schedules using 

dose escalation, aimed at the improvement of cure rates without increasing the 

complication rates. It is obvious that for such schedules, exact daily patient 

positioning is an absolute prerequisite. Thus, the verification of patient setup has 
rapidly become an area of clinical importance. 
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1.3. Consequeuces of dose variations in the target volume 

Wambersie et at. (127,128) and Herring and Compton (52) set the level of 

accuracy required in the dose delivered in radiotherapy at 5 % (1 SD). Brahme 

(19) stated that the relative standard variation of the mean dose in the target 

volume should be less than 5%, and preferably 3%. Mijnheer et al. (84) 

proposed a standard requirement that the uncertainty in absorbed dose should not 

exceed 3.5% (1 SD). What is the biological basis of the requirement of this 

level of precision? 

The relationship between the surviving fraction of cells after irradiation, and 

the radiation dose delivered, is described by the cell survival curve. Such a 

survival curve shows a logarithmic reduction of cells in response to a (linear) 

increase in dose. From the survival curve of its constituent cells, the response of 
a tumor or an organ to irradiation (the dose response curve) can be estimated. 

The survival curve of the cells in experimental conditions represents an over

estimation of the tumor response to a certain radiation dose in the patient: in 

treatment conditions, many factors influence the response, such as the number of 
proliferative and quiescent cells, the presence of hypoxic areas in the tumor, 

accelerated repopulation, etc. The probability of complete tumor cell kill after a 

given radiation dose is called the tumor control probability (TCP). In the steep 

part of the dose response curve, Le. from about 20-70% TCP, the response is an 
almost linear function of the total absorbed dose. The slope of this function - the 

response gradient r - describes the expected increase in tumor control probab
ility for a given relative increase in absorbed dose. A dose increase of 1 % on 

the linear part of the dose response curve (Le. at the dose level where a TCP of 

50 % is obtained) will result in an increase in tumor control probability of r %. 
The steeper the slope, the more effect a minor dose variation will have on the 

tumor control probability. Many authors have estimated dose response curves 

for the probability of tumor control for various tumor types. Usually, they found 
steep dose response curves (4,84). However, these dose response curves were 

mostly determined for small patient groups. In practice, the dose response 
curves turn out to be much more shallow, due to factors such as overall 

treatment time, inter- and intratumoral variation of intrinsic radiation sensitivity, 

and other sources of heterogeneity in larger patient groups. Okunieff et al. (90) 
gave an excellent overview of the dose response data which are available in the 
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literature. A wide range of values for r was found. Most gamma values were in 
the range of 0.5 - 4.5, with a median of around 1. They concluded that the slope 

of the dose response curve calculated from combined clinical data is shallow, 

with typical r values of approximately 1. Such shallow dose response curves 

were also found in studies conducted at the DDHCC I in head and neck tumor 

sites. Levendag et ai. (55,69-72) found that significant dose response relations 

could only be obtained if a correction for treatment related factors was applied. 

A corrected biological effective dose (BEDcorJO) was used instead of the 

absolute dose, taking into account factors such as the overall treatment time, the 

dose per fraction and the number of fractions, while making assumptions for the 

potential doubling time of the tumor cells (Tpot) and the alB ratio (the 

fractionation sensitivity of the tumor). The dose response curves thus obtained 
were shallow, with r ranging from 0.6 to 1. 

The steepness of the dose response curve reflects the consequences that dose 

variations in the target volume may have on treatment outcome. This is 

illustrated by the findings of Ooitein and Busse (44). They calculated the 

potential reduction in tumor control probability resulting from treatment errors 

for carcinoma of the supraglottic larynx (steep dose response curve) and for 
Hodgkin's disease (rather shallow dose response curve). IIrunobilization errors 

(IE) were defined as displacements of the treatment fields relative to the 

intended treatment volume, reSUlting in a reduction of the total dose delivered to 

the margins of the field. The consequences of IE, in terms of the reduction of 
the TCP, turned out to depend strongly on the steepness of the dose response 

curve at the dose level applied. For supraglottic cancer, 36% random IE of 

5 lrun at a dose level of 66 Oy were estimated to result in a reduction of TCP of 

12%. For 74 Oy the TCP reduction would be 10%. In contrast, for Hodgkin's 

disease 36% IE of 1 em would cause a reduction of TCP of only 0.3%. This is 

due to the shallow dose response curve for Hodgkin's disease, and the fact that 
the considered dose (44 Oy) is already in the very shallow most upper portion of 

the dose response curve. 

The effect of the actual (nonuniform) dose distribution in a target volume on 

1 Since the merger of the Daniel den Hoed Cancer Center and the University Hospital 
Rotterdam in 1995, its full name is University Hospital Rotterdam/Daniel den Hoed Cancer 
Center. Throughout this thesis it will in short be referred to as DDHCC. 
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the response of tumors was investigated by Brahme (19), Goitein (43) and 

Niemierko (89). An effective dose D'ff was defined which, for a given 'Y, if 

delivered uniformly to the target volume, would result in the same TCP as the 
actual nonuniform dose distribution. For modest nonuniformities of dose, D,ff 

would be closely approximated by the average dose, being in fact somewhat less 

than the average dose, as D,ff is a function of the average dose, its standard 

deviation and 'Y (19,43). The larger the dose variations in the target volume and 

the steeper the dose effect curve, the lower D'ff and, consequently, the TCP will 

be. For this reason, Brahme concluded that the relative standard deviation of the 
mean dose in the target volume should be less than 5 %, and even as small as 

3 % in cases where the dose response curve is very steep ('Y > 3). Niemierko 
(89) introduced the concept of Effective Uniform Dose (EUD), which uses the 

cellular radiation sensitivity (represented by the fraction of clonogens surviving a 

dose of 2 Gy) instead of 'Y to calculate an equivalent dose. The (retrospective) 

application of the EUD concept to a clinical dataset revealed a significant 

variation in the doses actually delivered as compared to the prescribed doses. 

This shows that prescribed doses do not always represent the doses actually (and 

radiobiologically) delivered, which may be one of the causes of the flattening of 

dose-response curves in clinical studies. 
Dose effect curves for normal tissue complications are generally reported to be 

steeper than those for tumor control (84). The probability for most normal tissue 

reactions raises from 25 to 50 % for a relative dose increase varying between 4 

and 10%, implying 'Y values ranging from 2.5 to 6. Based on these facts, 

Mijnheer et al. (84) stated that unacceptable risks of complications will be intro

duced if the overall uncertainty in the absorbed dose value exceeds 7% (2 SD). 

They therefore proposed a standard requirement that the combined uncertainty in 
dose delivery should not exceed 3.5% (1 SD). 

Clinical examples of the consequeuces of systematic underdosing or overdosing 

of the target volume have been described by Flamant et al. (37) and Chassagne 

et al. (22). In the study by Flamant et al. (37), patients with carcinoma of the 
tonsil were randomized to receive radiation therapy with either photons or 

electrons. A significant difference in tumor regression appeared between the 
groups, which had been treated with nominally identical doses. The electron 

treatment was significantly less effective. Later on, recalibration of the 
dosimeters used showed that there had been a 7 % difference between the doses 
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of electrons and photons. This could, at least in part, explain °the difference 

observed in tumor regression. Chassagne et al. (22) described an investigation 

which had been carried out after the radiation oncologist in charge of the 

gynaecological patients had reported a clinically evident increase in toxicity of 

the routine 50 Gy treatment of pelvic fields in these patients. Careful checking 

of the accelerator revealed an error in the calibration factors of the monitor 

chamber, which had been leading to a systematic 10% overdosage. 

It can thus be concluded that dose variations of 5-10% in the target volume 
may have a significant impact on both tumor control probability and normal 

tissue complication probability. The steepness of the dose response curves for 

tumor control and normal tissue complications, as well as many other tumor and 

treatment related factors, determine the actual impact of such dose variations. 
Unfortunately, for many tumor types and normal tissues only limited data is 

available with regard to clinically established dose response relationships. 

1.4. Clinical consequences of underdosing in the field margins 

Variations in daily patient setup as well as patient movement during treatment 

lead to an enlargement of the penumbra region in the periphery of the treatment 

field. If these variations are random, the actual dose delivered to the margins of 

the field is lower than the intended dose. In the case of systematic displacement 

of the patient, the dose in the margin of the field is either lower or higher, thus 

risking a decreased tumor control probability or increased toxicity. That 

underdosing of parts of the target volume may indeed lead to a clinically 

apparent decrease in local control rates or even survival rates has been shown by 
several authors (64,91,130). 

Kinzie et al. (64) published the results of a Patterns of Care Study on treatment 

practice of Hodgkin's disease. A survey was conducted on 181 patient records 

from four facilities with a large experience in treating Hodgkin's disease. Portal 
films were analyzed for adequacy at the margins. If a shielding block 

consistently touched or overlapped the edge of known tumor, or if blocks 

covered nodal areas uninvolved by Hodgkin's disease but included in the target 
volume, the portals were labeled inadequate. Thirty-six percent of the portals 

was considered inadequate. Those patients having adequate portal margins had 



Introduction 13 

significantly fewer relapses of any type (15% vs. 50%, P = 0.0001), and 

significantly fewer infield or marginal recurrences (8% vs. 32%, P = 0.001). 

For patients treated with radiation therapy alone, these differences were even 

more striking. Planned chemotherapy diluted the effect of technically inadequate 

margins: in the group of 26 patients who received chemotherapy as part of their 

initial treatment, there was no significant increase in relapse rate when the 

margins were judged inadequate. 

White et al. (130) conducted a radiation therapy quality control analysis in 140 

patients with limited small cell lung cancer. Treatment consisted of 

chemotherapy and radiation therapy. A major radiation therapy protocol vari
ation (MPV) included a 5-10% underdosage of any involved area, a ;;, 10% 

underdosage of any area, or a ;;, 10% overdosage of any critical structure. A 

total of 102 MPV in 44 patients was found, and were mostly related to field 

shaping or shielding. The overall and median survivals were significantly 
(p = 0.02) longer for patients with no or minor protocol variations than for 

those who had an MPV. Only performance status and radiation evaluation 

(p = 0.0001) were significant predictors of survival. Perez et al. (91) conducted 

a radiotherapy quality control survey of the treatment of 301 non small cell lung 

cancer patients, randomized to one of four definitive radiation regimens. Patients 
treated with full compliance (n = 277) had an intrathoracic recurrence rate of 

46 %, compared to a recurrence rate of 54 % in 39 patients treated with major 
protocol variations. This difference did, however, not reach statistical 

significance. 

1.5. The reproducibility of patient positioning 

As variations in day-to-day patient positioning may cause under- or overdosage 

in the margins of the treatment field, the verification of daily patient positioning 
is an indispensable aspect of radiotherapy quality control. The first publication 

mentioning various possible errors in radiation therapy was the 1962 ICRU 

Clinical Dosimetry Report 10d (60), its last recommendation being: "Some 

method of immobilising the patient and of checking the patient's position during 
treatment should be used". This publication was followed by a decade of silence 

which lasted until the mid 1970s. in which the first clinical studies measuring 



14 Chapler 1 

actual setup accuracy in daily practice appeared. True pioneers in this field were 

Marks and Haus. In 1974 they reported a survey of localization errors (LE: 

shielding of an area with known or potential disease) in the treatment of a 

variety of tumors in 173 patients (75). An LE rate of 27% was found. They also 

published a report on extended mantle fields: for 902 portal films in 99 patients 
the LE rate was 36% (77). In 2 of 10 patients with local recurrence, a corre

lation with repeated errors at that site (which could mean a dose reduction of 
7.5% to 15%) could be made. The axillae were the sites of most frequent LE 

(50%) and of repeated errors; they were also the most frequent sites of local 
recurrence. They proposed a margin of 1 cm between the lung shielding blocks 

and the chest wall at the axillary border, and recommended frequent portal film 
checks. In 1976, a follow-up study of extended mantle fields was published (78), 

showing an LE reduction from 36% to 15%. For head and neck cancer, Marks 

and Haus showed that adequate immobilization and supine (instead of lateral) 

positioning reduced LE (in this study defined as a shift of the margins of the 

treatment field of ;;" 1 cm) rates from 16% to 1 % (76). 

Byhardt et al. (in 1978), and Rabinowitz et al. (in 1985) were also among the 

first authors to publish surveys of treatment accuracy for various treatment sites. 

Byhardt et al. (20) emphasized the importance of establishing a baseline rate of 

field placement errors (FPE) that may be expected in the delivery of radiation 

therapy to specific treatment sites at a specific institution. They reviewed 1221 

portal films and 447 simulation films of 228 patients and defined deviations of 

;;" 5 mm as FPE. The overall FPE rate was 15%, and 10% if the error limit 
was set at ;;" 1 cm. Highest FPE rates were recorded in the pelvic region 

(26%), followed by the abdomen (20%), and the ENT region (17%). The 
observed displacements ranged from 5 mm to 4 cm (average 1.2 cm). It was 

recommended to take portal films at least once a week, and every 2-3 days in 

setups identified to be prone to FPE. 

Rabinowitz et al. (97) reported on the accuracy of radiation field aligmnent for 

several treatment sites in 71 patients. For each treatment field anatomical land
marks were selected, the distance of each landmark to an appropriate field mar

gin was measured. For each distance the difference between the portal fihn and 

the simulator film was calculated. The results were characterized by calculating 

both the average of all the differences, and the largest difference ("worst case 
discrepancy", WeD). If more portals were available, the average standard 
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deviation (SD) was calculated: the treatment-to-treatment variability. For all sites 
combined, the average SD was 3.3 mm. Comparison of simulation films and 

portal films showed an average discrepancy of 5.1 mm and a mean WCD of 
7.7 mm. The thorax and the pelvis were the sites having the largest errors 

(mean WCD of 9.2 and 8.4 mm, respectively). Rabinowitz et al. considered the 

average 3 mm treatment-to-treatment variability gratifyingly small. They 
suggested therefore that the differences between simulation and portal films were 

caused by systematic errors rather than random uncertainties in treatment setup. 
The studies cited above provided invaluable information on treatment accuracy 

in daily practice, and showed which treatment sites were the most error prone. 

Moreover, they established a baseline rate of positioning variations, which 

stimulated others to undertake similar studies, and to wWch further data could be 
compared. An increasing number of authors began to conduct studies on 

treatment accuracy and inunobilization techniques, often for specific treatment 

sites. These will be discussed in the subsequent chapters. 

1.6. Types of errors and interpretation of error rates 

The three major types of errors are systematic errors, random errors and 

accidental mistakes. The distinction between these is not always unequivocal. 

Usually, systematic errors are considered to be deviations from the intended 
standard which repeatedly occur in the same fashion, causing a nonrandom 

reduction or increase in dose. Examples are a mistake in a computer algorithm 

(causing a systematic over- or underdosage), or a discrepancy between the light 

field at a simulator and the radiation beam of the Iinac (causing, for example, a 

narrower field with, consequently, an underdosage in the margins of the field). 

Random errors are considered to be uncertainties in the application of 
procedures, resulting in a distribution of deviations with respect to the intended 

standard, for example the daily variation in positioning of a 70-year-old 
gentleman with aching hip joints on the treatment couch. Random errors are 

expected to result in a uniform dose reduction in the margins of the field. 

Accidental mistakes are incidentally occurring, possibly large deviations from 

the standard, for example the misplacement of a block or use of the wrong 
wedge. 
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It should be stressed that comparison of the error rates as reported by the 

various authors is extremely difficult: some (e.g. Rabinowitz el al. (97), Byhardt 

el al. (20» define errors as shifts of the treatment field as compared to the 

simulation field (being the "gold standard"), while others (e.g. Marks et al. 

(75,77 ,78), Kinzie et al. (64» judge the accuracy of field design according to 

the extent of disease, as well as the field placement itself, and report these 

together as errors. Furthermore, some authors take the maximum deviation of a 
field margin or an anatomical structure in a treatment field as the representative 

error, disregarding other errors in the same field, while others take several 
errors in one field (e.g. field margin shift and block misplacement) as separate 

errors in the calculation of error rates. It is evident that the failure to appreciate 

the correct extent of disease and to design adequate treatment fields is a very 

different type of error as compared to variations in field placement. In Table 1 
an overview of the results of several studies (20,31,50,53,56,58,76,86,97) on 

positioning accuracy in treatment of head and neck cancer is presented. It is 

apparent that comparison of the results of these studies is difficult. 

1. 7. From portal films to electronic portal imaging devices 

It has been argued (97) that the quality of megavolt films is a major factor in 

discerning and correcting discrepancies in the treatment field. As megavolt films 
are usually of very poor quality, and magnification factors are uncertain, tools 

are needed to aid the radiation oncologist in the quantitative comparison of 

portal and simulation films. Apart from the poor contrast resolution, other disad
vantages of megavolt mms are the time involved with the processing of the 

films, the space needed for archiving, and the fact that only one image can be 

obtained per fraction, so that on-line verification is not feasible. 

These limitations of megavolt films prompted the development of electronic 
portal imaging devices (EPID). Since 1985, several groups have developed 

various types of electronic imaging systems (18,80,132). These can be divided 
into two major classes: (1) fluoroscopic systems, consisting of a luminescent 

device (fluorescent screen) producing photons in the visible range, in combi

nation with imaging optics and a camera system, and (2) systems using arrays of 

radiation detectors, comprising a 2-dimensional array of ionization chambers, or 
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a one-dimensional array of diodes which scans the radiation field, or an array of 

scintillator detectors coupled to photodiodes (18). The system used in the 

DDHCC belongs to the class of fluoroscopic devices and has been described by 

Visser et at. (123) and AIthof et at. (2). A schematic diagram of the system is 

presented in Fig. 2. 

Table 1. Results of studies on the accuracy of patient positioning in treatment of 
head and neck cancer. Note the differences in definition of errors, and in the 
presentation of the results 

Author Immobilization Error type Results 

Marks no shift> 1 cm 16% 
(1976) yes (bite block) 1% 

Byhardt yes (head mask) shift > 0.5 mm 17% 
(1978) shift> 1 cm 9.6% 

Rabinowitz yes (head cup and average and worst case 2.5 rum avo 
(1985) neck roll) discrepancy; 3.5 mm worst 

shift> 5 mm 17% > 5 rum 
shift> 10 mm 0% > 10 mm 

Huizenga yes Qlead mask) SJM-MV differences 5 mm median 
(1988) (median and 1 SD) 1 SD 5 mm 

Halverson yes (head mask) separation of the 0-100% 9 mm 0-100% 
(1991) and the 20-80 % block 5 rum 20-80% 

overlap contours 

Mitine yes (head mask) SJM-MV differences (1 SD) 1 SD 4 rum 
(1991) and shift > 5 rum 20% > 5 mm 

Dunscombe yes Qlead mask) SJM-MV differences 4.4 mm median 
(1993) (median and 95th percentile) 8.9 mm 95% 

Hunt yes (head mask) average S1M-MV translations 1.5 - 3 mm 
(1993) average distance 

SJM-MV isocenters 5 mm 

Hess yes (head mask) SJM-MV differences mean 0-3 mm 
(1995) (mean and 1 SD) 1 SD 3-5 rum 

5% > 1 cm 
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The introduction and clinical development of the EPIDs prompted many 

studies. Methods were developed for the interpretation and comparison of the 

images, field placement variations were quantified, and the accuracy of various 

patient positioning and fixation techniques was determined. This interest in the 

verification of patient positioning, and potential correction thereof, was strongly 

influenced by the concurrent introduction of conformal therapy. As precise 

patient positioning is a prerequisite for conformal therapy and, even more 
strongly, for dose escalation, many studies were directed at off-line and/or on

line verification and correction of the patient setup. 
The possibilities of EPIDs for transmission dose measurements (in vivo 

dosimetry) have been studied as well. EPIDs might, in future, be used for the 
simultaneous verification of patient setup and dose delivery. Their dosimetric 

application is, however, outside the scope of this thesis. 

Figure 2 

Diagram of the electronic portal imaging system developed hi the DDHCC. The detector 
assembly (the j1uorescellf screen and a mirror) is hOllsed ill a lightweight structure which call 
be easily coupled to alld removed /rom the gantry, and junctions at all galllry allgles. The 
CCD (charge coupled device) call1era is mOllnted 011 the gallfry. alld connected to a 
microcomputer via dedicated electrollics. Image acquisition, enhancemeJlt alld display is 
carried out witMll a few seconds. 
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The purposes of this thesis were to introduce electronic portal imaging into 

clinical practice, to investigate and improve the accuracy of patient positioning 

in various treatment techniques, and to develop strategies for the verification and 
correction of patient setup as an indispensable aspect of conformal therapy. 

Chapters 2 and 3 describe quality control studies which were carried out to 

establish the accuracy of daily patient positioning, both in a complex positioning 

technique such as mantle field irradiation (Chapter 2) and in a "routine" 

technique such as the treatment of breast cancer (Chapter 3). In these chapters, 

the interpretation and consequences of positioning errors are discussed. The 

improvement of immobilization andlor positioning techniques on the basis of 

such studies is described in Chapter 4, which comprises a set of studies on 
patient positioning accuracy in urological and gynaecological treatments. The use 

of data on organ motion and· patient setup variations for the calculation of 
margins for a specific treatment site is also discussed in Chapter 4. 

In recent years, many groups have worked on the sophistication of methods for 

the on-line and off-line analysis of portal images, and comparison to the 

simulation images. This resulted in the use of portal imaging to minimize 

random variations, and to correct systematic errors early in the treatment series. 

In Chapter 5, the joint clinical testing by three centres of an off-line verification 
and correction protocol in the treatment of prostate cancer is described. The 

general discussion (Chapter 6) summarizes the main findings of the studies 
described in this thesis, and discusses the implications of these and other studies 

for clinical practice. In particular, the present and future developments in portal 

imaging, the interpretation of patient positioning errors, and the place of 

verification and correction strategies both in routine and in sophisticated (high
precision high-dose) treatments are put into clinical perspective. 





CHAPTER 2 

ACCURACY OF PATIENT POSITIONING IN MANTLE FIELD IRRADIATION 

C.L. Creutzberg, A.G. Visser, P.M.Z.R. De Porre, J.H. Meerwaldt, 

V.G.M. Althof, P.C. Levendag 

Radiotherapy and Oncology 23: 257-264, 1992 
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Summary 

A prospective study of the accuracy of patient positioning in mantle field 

irradiation was carried out in l3 lymphoma patients treated with curative 

radiotherapy. Patients were treated in the supine and prone position for anterior 
and posterior fields, respectively. Individually shaped divergent shielding blocks 

were placed in a fixed position in a template which was positioned on a tray 

above the patient. A total number of 94 megavoltage portal films (MV) was 

analyzed and compared to 26 simulation films (SIM). MV-SIM differences were 

larger for posterior fields than for anterior fields. Regarding the position of the 

lung shielding blocks, mean MV-SIM differences ranged from 1.3 to 4.4 mm 
and errors exceeding 1 cm were found in 7.2% of cases. Most discrepancies 

appeared to be randomly distributed. A 4-5 mm systematic cranial shift of 
patients in the posterior treatment position was noted. Discrepancies in the 

position of the laryngeal block, spinal cord shielding block and humerus blocks 
were small with mean MV-SIM differences ranging from 0.3 to 2.7 mm. 

Differences between simulation setup and treatment setup were modest as 
compared to error rates reported in the literature. Shielding of tumor bearing 

areas did not occur. It was concluded that the present standardised technique of 

patient positioning and the design of treatment fields result in acceptable error 

rates. Attention should be directed towards increasing the stability of patients in 

the prone treatment position in order to further reduce both systematic and 

random error rates. 

Iutroduction 

Treatment of patients with stage I and II supradiaphragmatic Hodgkin's disease 

usually includes radiation therapy, resulting in high cure rates (80-90% relapse
free survival) (42). Depending on the presence of prognostic factors such as 

B-symptoms, bulky disease, age, and sex, treatment either consists of subtotal 

nodal irradiation or of a combination of chemotherapy and radiation therapy. 

The aim of subtotal nodal irradiation is to treat in continuity the lymphatic 
chains that are involved or likely to be involved with Hodgkin's disease. This is 

achieved by the combination of the so-called mantle field and a subdiaphrag-
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matic field including the spleen and paraaortic nodes. The mantle field includes 

the cervical nodes, supraclavicular and infraclavicular nodes, axillary nodes, the 

mediastinum, and the hilar nodes. 

An important feature of the mantle field technique is the individualization of 

radiation fields conformed to the patient's anatomy in the treatment position. 

The use of individually shaped blocks ensures adequate treatment of lymphoid 

tissue while sparing lung tissue, spinal cord, larynx, heart and the humerus. 
However, the complex shape of these extended fields makes precision in 

radiotherapy setup difficult to achieve (77,112). Discrepancies in daily treatment 

positioning and differences between localization setup and treatment setup could 

result either in an underdosage in the field margins, which might lead to a 
clinically relevant geographical miss, or in an overdosage to normal tissues. 

Underdosage in the field margins, due to either uncareful planning of 

radiotherapy setup or to localization errors, has been shown to result in higher 

in-field or marginal recurrence rates (64). For this reason, treatment fields 
should be designed carefully and should include regions of known and potential 

disease with adequate margins, while protecting normal tissues. The amount of 
margin that should be left around the target volume is directly related to the 

precision of radiotherapy setup and the reliability of day-to-day treatment 

positioning. Quality control regarding precision of treatment positioning enables 

the radiation oncologist to use small but reliable margins around the intended 
target volume, and could therefore be of importance in reducing relapse rates 

and in preventing radiation damage. 
In our institute, a series of prospective quality control studies regarding the 

accuracy of patient positioning for various treatment sites and immobilization 

techniques has been started. In a previous study (56) the accuracy of radiation 

field aligmnent in head and neck cancer was ascertained, showing an average 

error due to the transition from simulation to treatment of 3 mm in a random 

fashion, and treatment-to-treatment variations, also random, of 3 mm, 
contributing together to an overall error (1 SD) of 5 mm. However, these 

patients were inunobilized using plastic fixation casts and were therefore felt to 

be subject to minimal positioning errors. Because of the nonrigid patient fixation 

in mantle field irradiation, the complexity of the treatment setup, and in view of 
the impact positioning errors may have on treatment outcome, a study was set 

up to investigate the accuracy of patient positioning in mantle field irradiation. 
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Patients and Methods 

During a 7-month period (November 1987 through May 1988) 13 consecutive 

lymphoma patients treated with radiation therapy using the mantle field 

technique were entered into this study. The group comprised 12 patients with 
stage I or II Hodgkin's disease and 1 patient with non-Hodgkin's lymphoma. 

Positioning and treatment of patients were carried out according to a 

standardized technique as described below. 

The patient is positioned on the treatment couch on a cross-shaped board (a so
called Hodgkin board) with arms extended. A marker line on both arm rests is 

matched to the patient's middle finger. For the anterior (AP) field, the patient is 

positioned in the supine position using a head support and nose-strap to ensure 

exact positioning of the head in hyperextension; for the posterior (PA) field the 

patient is lying prone with the head supported in a head-chin rest (Fig. 1). 

Simulation films are taken of all regions of the target volume in both the supine 

and the prone treatment position, after which the radiation oncologist draws the 

outlines of the AP and PA treatment fields on the respective simulation films. 
Divergent lead shot shielding blocks are shaped to conform to AP and PA 

contours and are placed in a styrofoam template, which is positioned on a tray 
above the patient. The field centre and the horizontal and vertical axes are 

marked on the template. After positioning the patient on the treatment couch, the 
central axes of the lightbeam of the linac are matched with 5 points tattooed on 

the patient during simulation, marking the field centre and the horizontal and 
vertical axes. The marker cross on the template is then matched with the central 

axes of the lightbeam. Control films are taken with the shielding blocks in 
position and, if necessary, adjustments are made. 

Both AP and PA fields are treated daily, five times a week, to a total dose of 
40 Gy in 2 Gy fractions. Dose levels are specified at the midplane of the region 

of the treatment field with the smallest patient diameter (usually the neck region) 
and are calculated for the other parts of the treatment volume (axillae, 

supraclavicular region, mediastinum, lower mediastinal border). When in a 

particular part a dose level of 40 Gy has been reached, this part is shielded until 

a dose of 40 Gy has been delivered to all parts of the treatment volume. 
For this study, megavolt portal films (Kodak X-omat V2) of both AP and PA 

fields were obtained at the first treatment, at a dose level of 20 Gy and at the 
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Figure 1 

Slipille (A) and prone (B) position of the patielll in mantie field irradiation. (1) collimator; (2) 
template !Vith shielding blocks; (3) head slipport !Vith lIose-strap; (4) head-chill rest; (5) 
treatmellf cOllch with Hodgkin board. 

final fraction of the radiotherapy series. In five randomly chosen patients, 

megavolt portal films were taken more often, at least once a week. However, 

one patient refused further treatment after the sixth radiotherapy fraction and 

two sets (AP and PAl of portal films had to be discarded because of shielding at 

the final fraction of those parts of the treatment volume in which the 40 Gy dose 
level had already been reached. Thus, a total number of 94 megavolt portal 

(MY) films was obtained in addition to 26 simulation (SIM) ftlms, yielding an 
average number of 3.6 portal films per field. Daily patient positioning was 

carried out as described above. Patients were treated with 4 MY photons from a 
linear accelerator at a focus-to-table distance of 127.5 cm and a tray-to-table 

distance of 40.5 cm. 
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To compare simulation films to portal films and to assess day-to-day variations 

in the portal images, a number of relevant anatomical points, as well as points 

related to the field margins were identified and distances between these points 

were measured (Fig. 2). Appropriate points were chosen in order to be able to 

assess discrepancies caused by lateral shift, cranio-caudal shift, or rotation, 

respectively. Distances between the anatomical points and/or field points were 

corrected for magnification (i.e. transformed to distances in the patient's 
midplane) and corresponding distances on the SIM films and MV films were 

compared. This method of analysis was chosen as opposed to the method used in 

a previous study (56), in which individual points were marked and digitised and 

subsequently the coordinate system of the megavolt film was transformed by 

rotation and translation to obtain the best match with anatomical landmarks on 

the simulation film. The latter method has the advantage of greater flexibility in 

Figure 2 

Diagram of the poillts indicated Oil the simulatioll films and megavolt films: anatomical POillfs 
(1,3,5,7,12) and shielding block polllls (2,4,6,8,9,10,1 1). 
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distinguishing between types of errors and in detecting incorrectly marked 

points. In this study, however, simulation and megavolt films often consisted of 

two separate films, each covering part of the treatment field, thus preventing the 

use of a single coordinate system per treatment field. It was therefore decided to 

use the present method of determining distances on the simulation and treatment 
films and of comparing corresponding distances. 

Differences between the distances measured on MV and SIM films were 

calculated and averaged over all patients; of each mean MV-SIM difference the 

standard deviation and range of extremes were calculated. If a large difference 

between corresponding distances was found (> 10 rom), the indication of the 

points on the films was checked. In 8 % of the MV films an initially found large 

discrepancy appeared to be caused by an incorrect indication and a correction 

was applied. Specific anatomical landmarks which most often required 

corrections were the lung tops and points on the thoracic spine. With regard to 

the indication of these points it should be kept in mind that for simulation ftlms 

contrast depends on both differences in tissue density and atomic number, as 

opposed to megavolt images, where contrast only depends on variations in 
density and hence air volumes are more prominent. Indication of the edges of 

Thl and especially of Th10 were occasionally hampered because of lack of 
contrast. For this reason, measurements related to these points have been 

interpreted with caution. 

Results 

Position of lung shielding blocks 
In general, discrepancies between corresponding distances on simulation and 
megavolt portal ftlms were larger for PA fields than for AP fields. Correlation 

between measurements of the position of the lung blocks at the left and right 

sides was good (r = 0,65), so both sides were taken together. 

Analysis of the distances between the lung tops and lung shielding blocks 
showed a mean difference between SIM and MV ftlms of 1.3 rom (standard 

deviation 4.5 mm) for AP fields and 4.4 rom (± 5.6 mm) for PA fields with a 
maximum difference of 18 rom (Table I and Fig. 3). In 7.6% of the films an 
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error exceeding 1 cm was recorded. As shown in Table 1, the frequency of 

errors > 1 cm was larger for PA fields than for AP fields. 

On PA films a general trend towards a slight (4-5 mm) cranial shift of the 

patients was noted (distances between lung tops and lung blocks on My films 

larger than on SIM films, Fig. 3); this shift in cranial direction was confirmed 

by measurements of distances between the lung tops and upper field margins and 

between Th1O'and the lower field margins. 

Table 1. Mean values, standard deviations, range of extremes for the differences 
[MY-SIM]a and frequency of differences [MY-SIM] "' 10 mm 

Distance Field Mean S.D. Range Freq.diff. 
[MY-SIM] (mm) [MV-Sim] [MV-SIM] 

(mm) min·max '" 10 mm 

Lung top to block AP 1.3 4.5 -10 +16 5.3 % 
(cranio-caudal) 
left and right 

Lung top to block PA 4.4 5.6 -II +18 11.1 % 
(cranio-caudal) 
left and right 

Chest wall to block AP 1.3 3.5 -6 +11 2.1 % 
(lateral) 
left and right 

Chest wall to block PA 3.9 5.1 -8 +20 11.6 % 
(lateral) 
left and right 

a difference [MY -SIM]: the difference between a distance measured on the megavolt 
film and the corresponding distance as measured on the simulation film; a positive 
value indicates a larger distance on the MY film as compared to the SIM film. 

The position of the lung blocks in the lateral direction was analysed by 

measurements of the distances between the outer margin of the lung block and 

the outer aspect of the lateral chest wall at a level 10 cm below the level of the 

lung top. Again MY-SIM differences were larger in the PA position with mean 

differences of 1.3 mm (± 3.5 mm) for AP fields and 3.9 mm (± 5.1 mm) for 
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PA fields and a maximum difference of 20 mm (Table 1 and Fig. 4). In 6.7% of 
mms an error of > 1 cm was found. Usually, when designing treatment fields a 

routine margin of 0.5-1 cm is left between the lung block and the inner aspect of 
the chest wall in order to prevent shielding of axillary lymph nodes close to the 

rib cage (45,77). Thus, the distance between the lung block and the outer edge 

of the rib cage appears to be 1.5-2.0 cm. As a result, shielding of axillary 

tissues did not occur. In two instances the lateral margin of the lung block just 

covered the rib cage completely; in both cases a smaller margin « 0.5 cm) had 

been left between the lung block and the chest wall at simulation. 

On most MV mms a larger distance between the lateral chest wall and the lung 

block was measured on both left and right sides as compared to the SIM mms; 

this was especially the case for PA fields. As the blocks are in a fixed position 

in the template, an increase in chest wall-block distance at one side might be 
expected to be accompanied by a decrease at the opposite side. The larger chest 

wall-block distance found on both sides therefore reflects a larger total chest 
width on MV mms. Fig. 5 shows the inverse correlation between measurements 

of chest wall-block distance at the left and right sides for AP and PA fields, 
respectively. However, an increased chest wall-block distance on both sides is 

indicated, representing an increase in total chest width of a few millimeters on 
MV fillns as compared to SIM mms. 

A B 
AP: distance lung top to block, left and right PA: distance lung top 10 block, left and right 
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Difference (MV-Sim, mm) Difference (MV-Sim, mm) 

Figllre 3 

Histograms of the differences (MY-SIM) between correspollding distances all megavolt alld 
simulation films for tlie distance between the IUllg tops alld the IUllg shieldhlg blocks (1-2 alld 
3-4 ill Fig. 2) all IA) alllerior alld IB) posterior films. 17,. cllrve s/iOIYS a Gallssiall profile 
fitted to the data. 
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A B 
AP: distance thor, wall to lung block, left and right PA: distance thor, wall to lung block. left and right 
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Figure 4 

Histograms of the differellces (MV-SIM) betweell correspolldillg distallces 011 megavolt alld 
simulatioll films for the distallce betweell the lllllg block alld the chest wall (5-6 alld 7-8 ill 
Fig. 2) all (A) allterior alld (H) posterior films. 17le cllrve shows a Gaussiall profile fitted to 
the data. 
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Figure 5 
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Illverse correlatioll betweell the differellces (MV-SIM) ill the chest wall to block distallces at 
the left side (horiZOlltal axis) alld the correspolldillg differellces at the right side (vertical axis) 
all (A) allterior alld (H) posterior films. 

Except for the small systematic cranial shift found on PA films, the 

discrepancies in position of the lung shielding blocks appeared to be randomly 

distributed. This is reflected by the fact that the mean values of the MV-SIM 

differences are close to zero, while standard deviations of the mean are 
relatively large (Table I). 
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Position of laryngeal block, spinal cord shielding block and humerus blocks 
Discrepancies in the position of the laryngeal shielding block, the spinal cord 

shielding block and the humerus blocks were modest with mean differences 

ranging from 0.3 to 2.7 mm and 0 to 5.9% of errors exceeding I em (Table 2). 

Again, differences are mainly randomly distributed with standard errors of the 

mean ranging from 4 to 6 mm. 

Table 2. Mean values, standard deviations, range of extremes for the differences 
[MV -SIM)' and frequency of differences [MV -SIM) ;", 10 mm 

Distance Field Mean S.D. Range Freq.diff. 
[MV-SIM] (mm) [MV-Sim] [MV-SIM] 

(mm) min-max ;;, 10 mm 

Laryngeal block AP 0.3 4.0 -12 +6 5.7% 
(cranio-caudal) 

Laryngeal block AP 2.7 4.9 -8 +12 5.9% 
(lateral) 

Spinal cord block PA 1.7 5.6 -19 +8 6.6% 
(cranio-caudal) 

Spinal cord block PA 0.1 3.4 -8 +9 0% 
(lateral) 

Humerus blocks AP/PA 1.5 4.4 -12 +12 4.5% 
(lateral) 
left and right 

, difference [MV-SIM): the difference between a distance measured on the megavolt 
film and the corresponding distance as measured on the simulation film; a positive 
value indicates a larger distance on the MV film as compared to the SIM film. 

Discussion 

The accuracy of patient positioning in mantle field irradiation has been the 

subject of various investigations (47,57,64,77,78,112) because of the complexity 

of the treatment setup and in view of the possible consequences of localization 

errors in terms of geographical miss and recurrence rate. In their 1974 review of 
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902 treatment verification films of mantle fields, Marks and Haus (77) found an 

incidence of localization errors (LE, shielding of an area with disease or 

potential disease) of 36%. In 17 patients a so-called clustering of errors (three or 

more errors at one site) was observed, which resulted in a dose reduction at the 

specific site. In two out of 10 patients with local recurrence, enough localization 

errors had been found at the site of recurrence to account for a dose reduction 

sufficient to explain the recurrence. In 1976, Marks and Haus (78) once again 

carried out a review of mantle fields (451 verification films made between 1973 

and 1974). They found a decreased error rate (15% LE vs. 36% in the 1974 

review), due both to increased attention of radiation oncologists to leaving 

adequate margins around the target volume, and to increased use of verification 

films. Taylor et ai. (112) likewise observed a reduction in number of deviations 
and unacceptable set-ups due to technical improvements as well as increased 

alertness. In their analysis of daily treatment films of 28 patients, 15 % of films 

contained a minor deviation (deviation of more than 0.5 cm but no tumor or 

prophylactic area shielded) and 1 % of fields were considered unacceptable, 
compared to 29 % and 5 % in a previous study. 

Griffiths and Pearcey (47) studied 171 verification films of 19 patients treated 

with full or partial mantle fields. They reported a field placement error rate 

(shielding of the intended treattnent volume by more than 1 cm) of 21 %. In 11 % 
of cases the areas shielded contained known disease. In an analysis by Hulshof 

et ai. (57) of 216 treatment setups of mantle field irradiation, verification films 

showed a localization error of over 1 cm in 13 % of cases, leading to a critical 

margin between a shielding block and the tumor bearing area in 9 % of treattnent 
setups. 

Rabinowitz et ai. (97) and Byhardt et ai. (20) reported field placement error 

rates for several treatment sites. Rabinowitz found the highest error rates in the 

chest region with an average discrepancy of 5.8 mm and a mean worst case 

discrepancy (WeD) of 9.2 mm; 32% of fields exceeded a WeD of 1 cm (as 

compared to 23 % of fields exceeding a WeD of 1 em for all sites combined). 

Byhardt, however, found highest error rates in the pelvic region (23 % error of 

> 1 em); for the chest region the error rate was 8%. 
Using the 1 em limit set by some authors (20,47), field placement error rates 

reported for mantle field irradiation range from 8 % to 32 %; error rates based on 

qualitative reviews range from 15% to 36% (Table 3). In the present analysis, 
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discrepancies between simulation set-up and treatment set-up were modest as 

compared to the error rates reported in the literature. Regarding the position of 

the lung shielding blocks, mean displacements ranged from 1.3 to 4.4 mrn and 

errors exceeding 1 cm were found in 7.2% of cases. It should, however, be kept 

in mind that as an average of 3.6 portal films per field was sampled, the error 

rate of 7.2 % could be an underestimate. Radiotherapy technicians might be more 

careful and thus technical setups might be more accurate on the days that films 

are taken. 

Table 3. Error rates reported in literature (errors exceeding 0.5 cm, errors exceeding 
1.0 em and error rates based on qualitative reviews). 

Author (ref.) fields error rate error rate error rate 

studied > 0.5 em > 1 em (quaL) 

Marks (77) mantle fields 36% 

Marks (78) mantle fields 15% 

Byhardt (20) chest region (lung. 13% 8% 
esophagus) 

Griffiths (47) mantle fields 21% 

Hulshof (57) mantle fields 50% 13% 

Taylor (112) mantle fields 16% 

Rabinowitz (97) chest region 77% 32% 
(unspecified) 

Kinzie (64) mantle fields 36% 

present study mantle fields 8% 

Error rates were higher for PA fields (prone position of the patient) than for 

AP fields, a finding which has been reported by Hulshof (57) as well. Shielding 

of tumor bearing areas did not occur; this may be due to the standardized 

technique of patient positioning used, along with guidelines for design of 

treatment fields ensuring adequate margins around the target volume. The use of 

a template with the shielding blocks in fixed position both facilitates daily patient 
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positioning and reduces positioning errors. The laborious task of placing each 

individual block in its correct position is time consuming and, as observed by 

Potter (93, and personal communication), may yield higher error rates as each 

block can be a separate source of positioning errors. 

A 4-5 mm cranial shift of patients in the PA treatment position was noted. In 

order to rule out errors in indication of the lung tops on the MV films as a 

possible cause, a review of these measurements was conducted. After correction 
of some incorrectly marked points this observation could be confirmed. A 

possible explanation of this small cranial shift of patients in the prone treatment 
position might be a relaxation of the patient in the head-chin rest during the 

course of treatment, thus putting more weight on the head with a consequent 

slight shift in cranial direction. The fact that no shoulder support was used, thus 
allowing forward movement of the shoulders onto the treatment couch, may also 

have contributed to a cranial shift and higher error rates in the prone position. 

Analysis of the lateral position of the lung blocks on the MV films revealed a 
systematically larger distance between the chest wall and the lung block on both 

sides as compared to the SIM films, reflecting an increased total chest width on 

the MV films. This was especially the case for PA treatment fields (Table 1). 

The cause of this small increase in total chest width is not quite clear. One 

explanation might be a difference in respiratory situation between simulation and 

treatment. In the prone treatment position, chest movements are impeded by the 

external pressure on the chest. In the course of the treatment the patient may 

tend to breathe more freely in the prone position than during simulation, 
resulting in an increased total chest width on MV films. Another factor might be 

the systematic cranial shift of patients found on PA films: as the distance 

between chest wall and lung block was measured at a fixed distance of 10 em 

below the level of the lung tops, the level of measurement of the chest width 

shifted cranially as well, and thus a 1-2 mm larger distance could be found 

incorrectly. 

Most reports on patient positioning in mantle field irradiation are restricted to 

an analysis of the position of the lung blocks. In this study attention was paid to 

the positioning of laryngeal blocks, spinal cord shielding blocks and humerus 

blocks as well. The modest discrepancies found comply with a correct position 
of the patient in both cranio-caudal and lateral directions and absence of rotation 
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or torsion. However, random errors do occur, as reflected by the relatively high 

standard errors of the mean. 

In conclusion, the present standardised technique of patient pOSitioning and 

design of treatlUent fields, ensuring adequate margins around the target volume, 
seems to result in acceptable error rates. Shielding of tumor bearing areas did 

not occur. The small systematic cranial shift of patients in the prone position 
causes irradiation of a somewhat larger volume of lung than intended. In the 

future, attention will have to be directed towards increasing the stability of 

patient support in the prone position in order to further reduce both systematic 

and random error rates. As also stated by Marks (77,78) and Taylor (112), 
continuous attention to the accuracy of patient positioning is very important in 

keeping error rates as low as possible. In this institute verification of day-to-day 

patient positioning is presently carried out using an on-line megavolt portal 

imaging system (123). Megavolt images can be displayed on a monitor together 

with the digitised simulation image, thus enabling immediate verification. The 

on-line contrast enhancement performed by the system ensures a good image 
quality. Patient positioning studies are facilitated by the fixed coordinate system 

of both megavolt and digitised simulation itnages, thus allowing identification of 

anatomical landmarks and field edge points of both types of images in a common 

coordinate system. In order to evaluate the accuracy of present patient 
positioning and fixation techniques and to assess for which treatlUent sites very 

frequent verification will be necessary to ensure optimal treatlUent precision, 

patient positioning studies of various treatment sites are being conducted. 
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Abstract 

Pwpose To study the accuracy of patient positioning in irradiation of breast 

cancer. 

Methods alld materials Megavolt portal images were obtained using a fast 
electronic megavoltage radiotherapy imaging system in 17 breast cancer patients 

immobilized with plastic fixation masks on a flat board with arm support and in 

14 patients positioned without a mask on either a flat or a wedge-shaped board. 

Quantitative analysis of 510 megavolt portal images and comparison to 66 
digitized simulation films was performed. Differences between the positioning 

techniques were evaluated. 

Results For the position of the patient in the field, standard deviations of the 

difference between simulation and treatment images were 3.2 mm and 4.6 mm 

for irradiation with and without masks, respectively. Larger standard deviations 
were found for the field width and length (5-7 mm), for collimator rotation 

(1.5-2°), and for the position of the lung shielding block for patients positioned 
on the flat board (10-16 mm). The changes in field size and collimator rotation 

appeared to be largely due to the inclination of the radiotherapy technicians to 

slightly adapt fields in order to obtain a seemingly better congruity of the field 

with the skin or mask markings. Comparison of the accuracy of patient 

positioning with and without masks yielded similar error rates; standard 

deviations and extremes tended to be somewhat larger in positioning without a 
mask. The wedge-shaped board was preferred because of the ease of patient 

setup and because the use of a lung block is avoided. The transition from 

simulation to treatment setup yielded larger deviations than repeated treatment 

setups. 

COllclusioll These results emphasize again the continuous need for focusing 
attention on the accuracy of patient positioning in order to achieve maximal 

precision in radiotherapy. The electronic portal imaging system is very suitable 

for both quick on-line treatment verification and off-line analyses. 
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Introduction 

Quality coutrol in radiotherapy has become a significant issue. The process of 

planning and daily delivery of radiation therapy involves a long chain of 

technical procedures. Quality control programs address inaccuracies in each step 

of this process, as small inaccuracies might accumulate into major deviations. 

Quality control regarding dosimetry calibration, dose calculation, treatment 

planning systems, and simulator and treatment unit parameters has been 

improved over the past decades. More recently, the possible impact of patient 
setup inaccuracies has attracted attention as well. The availability of modern 

diagnostic devices such as magnetic resonance imaging and computerized 

tomography has led to a more precise defmition of target volume. The develop

ment of highly sophisticated (three-dimensional) planning systems and radio

therapy equipment enables high precision conformal radiotherapy to the target 

volume. To ensure adequate covering of the target volume in high precision 
radiotherapy, accuracy and reproducibility of day-to-day patient positioning are 

prerequisites and might well turn out to be the limiting factors. Knowledge of 
the accuracy of the patient positioning techniques currently used and the 

possibility of (on-line) verification and correction of patient setup have thus 
become increasingly important. 

In the Daniel den Hoed Cancer Center (DDHCC) a series of prospective 

quality control studies of current positioning techniques for various tumor sites 

is being carried out. In previous studies of the accuracy of patient positioning in 
head and neck cancer (56) and in mantle field irradiation (26) megavolt portal 

films were used. In the past few years, a number of research groups started the 
development of fast on-line electronic imaging systems. In 1985 a project was 

initiated to develop a fluoroscopic imaging system in the DDHCC in col
laboration with Philips Medical Systems Radiotherapy and the Laboratory of 

Space Research Leiden. After a prototype phase, the product type was installed 

on a linear accelerator2 in 1989. The characteristics of this system, the Philips 

SRI-IOO, have been described in previous pUblications (1,123). Major 
advantages of these electronic imaging devices are the speed and ease of imaging 

2 Philips SL-75/10. 
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with automatic on-line contrast enhancement, thus enabling immediate 

comparison with the digitized simulation image. 

At present, the preferred treatment for a large majority of patients with early 
breast cancer is breast conserving therapy. Treatment consists of lumpectomy 

(excision of the tumor with 1-2 cm margin) and axillary dissection, followed by 

postoperative radiotherapy to the breast. Radiotherapy to the breast is carried out 

using lateral and medial tangential beams. In our department, patients used to be 

positioned on a flat board with arm-support using a plastic fixation mask for im

mobilization of the chest and neck. Recently, a wedge-shaped board with an 
adjustable slope angle has been introduced which enables a quick patient 

positioning without a mask and without use of a lung shielding block. The 

present study was carried out in order to evaluate the accuracy of field 

aligmnent in irradiation of breast cancer patients using tangential fields, and to 

compare the different patient positioning techniques in order to determine if the 

use of a fixation cast is necessary in terms of positioning accuracy. 

Methods and Materials 

The imaging system 
The Philips SRI -100 electronic portal imaging system consists of a detector, that 
is, a metal plate!fluorescent screen combination producing photons in the visible 

range, in combination with imaging optics and a CCD camera system. The 
detector assembly (the fluorescent screen and a mirror) is housed in a 

lightweight structure which may be easily coupled to and removed from the 

gantry (Fig. 1). The shielded CCD camera is mounted on the gantry of the 

linear accelerator and functions at all gantry angles. The camera is connected to 

a microcomputer (PC-AT) via dedicated electronics. The microcomputer, the 

video monitor, and a videographic printer are situated next to the accelerator 
control console. Image acquisition and handling, as well as system control, are 

performed with a dedicated user interface requiring a minimum of known 
therapy data. A digitization station for simulation films allows an easy recording 

of simulation images and simultanous display of simulation (SIM) and megavolt 
(MV) images on the same monitor. 
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Figure J 

The detector assembly of the Philips SRI-JOO illlagillg system Oil the galllry of the /illear 
accelerator. 

Images can be recorded with a minimum exposure of 4 cGy at dose maximum 

(0.7 seconds exposure time) and are displayed on the monitor. An automatic 
enhancement procedure, based on measurements of the mean and the standard 

deviation of the pixel grey value distribution, is applied. This procedure 

optimizes the setting of window and grey-scale level before final display. The 

images are automatically stored on hard disk or on floppy disk and hard copies 
are produced using a videographic printer. 

On-line interpretation and comparison of the megavolt images are facilitated by 
the display of a thin wire mesh (with 4x4 cm squares at isocenter) over each 

image, allowing quick estimates of distances from anatomical structures to the 

field center and field edges and to the shielding blocks. Moreover, as the 

detector is at a fixed position with regard to the beam axis, a common 
coordinate system can be defined in the simulation images and in the MV 
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images. Thus, a method has been developed to select relevant points in the 

simulation image (e.g., field edges, anatomical structures or shielding blocks) 

with the cursor, after which the geometrically corresponding locations of these 

points in the MY image are calculated, and automatically displayed in the MY 

image. The position of anatomical structures, blocks, and field edges relative to 

these cursor marks can thus be quickly compared. A major advantage of this 

method is that the attention is focused on the position of a few clinically relevant 

points, enabling a quick decision whether or not a setup is acceptable. 

Patiellf positioning in breast cancer 

From November 1989 until June 1990, 31 consecutive patients treated with 

radiotherapy to the breast using tangential beams were entered into the study. 

The group comprised four patients who received radiotherapy to the axillary and 
supraclavicular nodal regions as well. Seventeen patients were positioned 

according to the technique traditionally applied in our department, that is, in the 
supine position on a flat board with an arm support (Fig. 2A). An individual 

plastic fixation mask was used to immobilize the chest and neck onto the 

treatment couch. Aligmnent was carried out using wall pointers. Field centers 
and field edges were marked on the mask. A lung shielding block was used to 

make the posterior edge of the field follow the chest wall contour (Fig. 3A). 

Thus the superior edge of the tangential beam remained in the true vertical in 
order to match with the inferior edge of a concurrent or future supraclavicular 

field. 
When treating patients through the plastic fixation masks, the skin receives a 

significantly higher radiation dose. This results in enhanced acute skin reactions, 
notably a higher incidence of moist desquamation. For this reason, most 

radiation oncologists presently prefer positioning of the patients without fixation 
masks. At first patients were positioned without masks on the flat board as 

described above. In November 1989 a wedge-shaped board with an adjustable 

slope angle was introduced (Fig. 2B). As the slope angle can be adjusted to the 

contour of the patient's chest wall, the use of a lung shielding block is avoided 
while keeping the superior field edge vertical (Fig. 3B). Field markings are 

drawn on the skin. Fourteen patients were positioned without masks, five of 

which were positioned on the flat board and nine on the wedge-shaped board. 
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Figure 2 

2A: 

2B: 

Patient positioned with fixation mask Oil the flat board. (1) treatment cOllch with board; 
(2) arm support; (3) mask. 
Patiellt positioned without a mask all the wedge-shaped board. (1) wedge-shaped board; 
(2) arm support. 
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Figure 3 

3A: Simulation image alld corresponding megavolt image of a (reatment field for a patient 
positiolled 011 the flat board (as ill Fig. 2A). 

3B: Simulation image alld corresponding megavolt image of a treatment field for a patient 
positioned Oil the wedge-shaped board (as ill Fig. 28). 
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It was felt that the use of a ftxation mask might be more exact because of the 

fixation of the patient to the treatment couch, and because markings might be 

more reproducible, being less affected by movements of the shoulder and arm. 

For this reason, all patients whose treatment was to include irradiation to the 

regional lymphatics were positioned with fixation masks in order to avoid 
potential under- or overdosage at the field junctions. The supraclavicular fteld 

was matched to the superior border of the tangential ftelds and shielding blocks 
were used to block the area of divergence of the tangential beams in the inferior 

border of the supraclavicular fteld. 

Treatment planning was carried out using opposed wedged lateral and medial 

tangential beams. Both ftelds were treated daily, ftve times a week, to a total 
dose of 45 Gy in 1. 8 Gy fractions using 6 MV photons from a linear accelerator 

at a focus-to-skin distance of 100 cm. After this, an additional dose of 20 Gy in 
2.5 Gy fractions was delivered to the site of the tumor excision, usually with a 

single electron beam. If irradiation of the regional lymphatics was indicated, this 
area was treated to a total dose of 40.5 Gy in 2.25 Gy fractions specifted at 3 

cm depth, using an anterior photon beam. The dose to the midplane of the axilla 

from this fteld was calculated and this dose was supplemented with a small 

posterior axillary field to 40.5 Gy at the midplane. 
Megavolt imaging was performed twice a week throughout the radiotherapy 

series of each patient. MV images were obtained of both the medial and lateral 

treatment fields and, if irradiated, of the anterior supraclavicular fteld as well. 

Analysis of the data 
A total number of 510 megavolt images was obtained in addition to 66 digitized 
simulation images. Except for the recognition and correction of occasional 

striking errors (e.g., a misplaced shielding block or wedge), on-line assessment 

of the images was not performed. 

To determine differences between simulation and treatment setup and treatment
to-treatment variations, the megavolt images were compared to the 

corresponding simulation image and to the ftrst megavolt image, respectively. In 
earlier studies (26,56) tWs comparison was accomplished by measuring 

corresponding distances or by matching of anatomical structures andlor fteld 
edges. Using these methods it was difficult to accurately separate variations in 
patient position from variations in field size and shape. An important advantage 
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of the present method is the fact that the position of anatomical structures and of 

field edges can be determined independently. 

The rigid design of the detector assembly ensures a fixed position of the beam 

axis with regard to the detector, as well as a fixed focus-detector distance. Tests 

of detector movements at different gantry positions have shown an excellent 

stability, reproducible within I mm at the isocenter for all gantry angles. Thus, 

a fixed coordinate system could be defined in the megavolt images with the 
origin at the beam center, and the orientation of the axes determined by the 

collimator angle. A similar coordinate system could be defined in the simulation 

image by careful alignment of the simulation film on the view box of the 

simulator work station during digitization (1). As a result, the position of 
anatomical landmarks and of shielding blocks and field edges could be 

determined in coordinates relative to a common origin. Thus, variations in the 
position of the patient in the treatment field and of field size, field shape and 

position of Shielding blocks could be determined independently. 

To compare MV images both to the corresponding SIM images and to the first 

MV image, relevant anatomical points and points on the field edges and 
shielding blocks were identified (Fig. 4). In each image these points were 

indicated on the video monitor with a mouse. Using simple mathematics with 

known translation, rotation, and scaling parameters, the coordinates of the points 

were calculated in millimeters and were loaded in a spread sheet. The 

reproducibility of the indication of the points on the video monitor was checked. 

For repeated indications of the points in the same image the reproducibility 

turned out to be excellent (1 standard deviation = 0.5 mm). 

Special care was taken to detect the field edges in the megavolt images. Due to 

the strong image enhancement, the visible field edges have been shifted a few 

millimeters inwards relative to the true field edges. For this reason, detection of 
the field edges was performed in the raw, unprocessed images. A maximum 

gradient method (Sobel filter) was applied to determine those pixels in the field 
edges of the MV images which correspond to the region with the highest dose 

gradient in the penumbra of the radiation beam. The use of this filter as a 

method to detect the field edges has been described by Meertens el al. (79). In 

the method used in the present study, this filter was applied twice to each image 

in four orthogonal directions, resulting in a small black envelope between two 
white bars, the black envelope representing the true field edge. Tests performed 
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Figure 4 

4A: 

4B: 

Diagram of a (allgemial breast field showing the points indicated ill the simulation 
images alld megavolt images. 1,' velllral border of the breast. 2: ventral border of tile 
mask. 3: lead grailllllarker all the mask. 4: imersecaOIl of the IUlig shielding block with 
the caudal field edge. 5: illtersectioll of the IUllg shieldillg block with the dorsal field 
edge. 6: illfersectioll of the lung collfour with the dorsal field edge. 7: point all the JUllg 
cOlllour at a fixed vertical distallce from the isocellter. 8: intersection of the ventral alld 
crallial field edges. a: slope of IUllg block. . 
Diagram of a supraclavicular field. 1,2: illlersectioll of the laryllgeal shieldillg block with 
the mediaf alld crallial field edges. 3: humerus block. 4: illlerseclioll of the two blocks 
shieldhlg Ihe divergellce o/the tallgelltial beams. 5: intersectioll of the medial alld caudal 
field edges. 6: IUllg top. 

earlier had shown the congruity of this envelope with the field edge (by 

defmition the 50% isodose) to be very exact with 1 SD = 0.7 mm. 
After storage of the data in a spreadsheet, further analysis was performed using 

a statistical analysis software package. In order to compare treatment setup to 
simulation setup and to assess treatment-to-treatment variations, the coordinates 

of the points indicated in the megavolt images were subtracted from those in the 
simulation image and from those in the first megavolt image, respectively. Thus, 

SIM-MV differences and MV-MV differences were obtained. The mean SIM-
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MV and MV-MV differences for the patient groups with masks and without 

masks were calculated, along with the standard deviation of the mean and range 

of extremes. Whenever a SIM-MV difference exceeded 1 standard deviation of 

the mean, the indication of the points and the storage of the patient data was 

checked and corrections were applied if required. 

Results 

The results are presented with emphasis on the potential differences in accuracy 

between positioning with and without a fixation mask. Mean SIM-MV and 

MV-MV differences are presented with standard deviations (SD) and range of 

extremes. For most points, values for medial and lateral fields could be 
presented together as differences were minimal. Whenever a difference between 

medial and lateral fields was observed, this is stated in the text. 

Position of the patient in the treatmelll field 
Analysis of the position of the ventral border of the breast in the ventral-dorsal 

direction yielded variations of 3.2 mm (I SD) and 4.6 mm (1 SD) for 
positioning with a mask (WM) and without mask (no mask, NM), respectively 

(Table I). The position of the lead grain marker on the mask varied 4 mm (I 
SD) in the ventral-dorsal (x) direction and 2.7 mm (1 SD) in the cranio-caudal 

(y) direction (Fig. 5). As a measure of rotation of the patient in the field, the 
slope of the distal part of breast contour was calculated by drawing a line 

between a point on the breast contour at a fixed distance from the lead grain 
marker and the lead grain marker itself, and calculating the angle between this 

line and the ventral-dorsal (x) axis. The standard deviation of this angle was 

3.7". Most variations appeared to be randomly distributed, as reflected by the 

fact that mean SIM-MV differences were close to zero. However, for some 
individual patients systematic differences could be found. 

Variations ill field size alld collimator rotation 
A substantial amount of variations in field size was observed. As shown in 
Table I, the field width varied with standard deviations of 5.4 mm (WM) and 

5.7 mm (NM) and extreme values of up to 20 mm. Field length varied with 
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standard deviations of 6.9 mm (WM) and 6.5 rom (NM) and extreme values 

exceeding 20 rom. With regard to variations in field size, no significant 

differences were observed between positioning with or without a mask, or 

between medial and lateral treatment fields. On the average, variations were 

randomly distributed. For some individual patients, however, systematic errors 

were found (Fig. 6). 

Another striking source of SIM-MV differences was observed: compared to the 

situation at simulation (collimator angle = 0 degrees), rotation of the collimator 

> 3° was found in 14% (WM) and 21 % (NM) of megavolt images. Standard 

deviations of collimator rotation were 1. 5 ° (WM) and 2 ° (NM). The two largest 

rotations (6° and 8°) were observed for lateral treatment fields in positioning 

without a mask. 

Table 1. Mean values, standard deviations, and range of extremes for the differences 
SIM-MV'; medial and lateral fields combined 

Patient points and Mask (WM)b Mean SD range 
field size (Fig. 4A) or no mask SJM-MV SJM-MV 

(NM)b mm mm min-max 

ventral border of breast WM 1.1 3.2 -6.9 +9.5 
(1,2); x NM 2.8 4.6 -9.9 + 14.2 

lead grain on mask WM,x 0.7 4.0 -11.5 +11.7 
(3); x and y WM,y -1.3 2.7 -11.1 +4.9 

field width (x) WM 0.7 5.4 -17.6 +20.3 
NM -1.5 5.7 -20.0 + 11.9 

field length (y) WM -2.3 6.9 -23.1 +16.7 
NM -1.7 6.5 -18.6 +20.9 

, A negative value of a SIM-MV difference represents a mean shift of a certain 
point in the megavolt image in the dorsal (x) or cranial (y) direction when 
compared to the position of that point in the corresponding simulation image. 

b Patients positioned with a fixation mask on the flat board (17 patients) versus 
patients positioned without fixation mask (14 patients) on either the wedge-shaped 
board (nine patients) or the flat board (five patients). 
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Figure 5 (left) 

Histograms of the SIM·MV differences for the positioll of the lead grain marker all the mask in 
(A) the vemral·dorsal direction alld (8) tile crallio-caudal direction for patiellts positioned 
witll a mask. The curve shows a Gallssiall profile fitted to tile data. 

Figure 6 (right) 

Diagrams of the S1M-MV differences for the field length per patielll for (A) patients positioned 
with a mask and (8) patients positioned without a mask: mean differences alld standard 
deviatiolls of the mean. Note tile systematic differellce for some individual patiems. 
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Position of the IUllg shielding block 
When patients were positioned on the flat board (with or without masks), a lung 

shielding block was used to align the dorsal field border to the patient's chest 
contour. Analysis of the position of the lung block was performed using various 

parameters (Fig. 4). The results are presented in Table 2. Large variations in 
block position were observed, with standard deviations ranging from 10 mrn to 

16 mrn and an isolated extreme difference of 64 mm. Standard deviations and 

range of extremes were largest for lateral treatment fields, especially in 

positioning without a mask. 

The distance between the ventral lung border and the dorsal edge of the 

treatment field was calculated for all patients (Table 2). The distance varied 
from 0 (no visible lung tissue in the field) to 2.5 times the distance in the 

simulation image. Obviously, this was in part due to the variations in the 
position of the lung block and to the variations in field width. For patients 

positioned with a mask, a trend towards a systematic smaller distance was 

found. Errors resulting in the absence of any visible lung tissue in the treatment 

field were found for lateral fields, both in patients positioned with a mask (two 

patients, for the greater part of the treatment images) and in patients positioned 

without a mask (three patients, for 1-3 treatment images). 

Flat board versus wedge-shaped board 
A comparison of the accuracy of patient positioning without a mask on either the 

flat board (five patients) or the wedge-shaped board (nine patients) was made 
(not shown). For all parameters, standard deviations and error rates were 

virtually similar. 

Supraclavicular fields 
The accuracy of patient positioning in supraclavicular irradiation was studied in 

four patients. All patients were positioned with a mask on the flat board. The 
position of the patient, as determined by analysis of the position of the lung top, 

was more accurate in the transverse (x) direction (SD= 3.9 mrn) than in the 
cranio-caudal (y) direction (SD = 8.0 mrn). This appeared to be mainly due to 

an extreme cranial displacement of one patient. The SD for differences in field 
size was 5 mrn. As for the shielding blocks, the position of the humerus block 

varied 2.5 mrn and 3.5 mrn (1 SD) for the x- and y-direction, respectively. The 
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position of the intersection of the two blocks shielding the divergence of the 

tangential beams in the inferior edge of the supraclavicular field, however, was 

found to be very unreliable. Especially in the transverse direction variations 

were large with a standard deviation of 27.4 mm. 

Table 2. Mean values, standard deviations, and range of extremes for the differences 
SIM-MV'; medial and lateral fields combined 

Patient points and distances mask (J{M)' Mean SD range 
(Fig. 4A) or SIM-MV SIM-MV 

no mask (NM)' (mm) rum mm 

intersection lung block-field WM -3.5 10.2 -42.0 +20.5 
edge (5) NM -0.1 14.0 -19.9 +41.6 

slope" of lung block WM 0.2" 2.3" _6.6" +6.1" 
(degrees) NM 104" 504" _6.2" + 16.2 

vert. distance lung block- WM 404 16.2 -63.6 +49.5 
lung (5-6) NM 5.0 15.8 -47.8 +29.3 

hor. distance dorsal field WM 0.3 7.4 -16.7 +27.6 
edge-lung (7) NM' 0.1 5.8 -21.0 +12.1 

, A negative value of a SIM-MV difference represents a mean shift of a certain 
point in the megavolt image in the dorsal (x) or cranial (y) direction when 
compared to the position of that point in the corresponding simulation image. 

b Patients positioned on the flat board with a fixation mask (17 patients) versus 
without a mask (five patients). 

, All 14 NM patients. 

Treatmellf -to-treatment variations 
The variations in patient positioning in day-to-day treatment setup were analyzed 

by comparison of the MV-images to the MV image obtained at the first 

treatment. In general, MV-MV differences turned out to be somewhat smaller 

than SIM-MV differences, while the overall pattern of differences was 

essentially similar (Table 3). 
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Table 3. SIM-MV differences versus MV-MV differences: comparison of standard 
deviations; medial and lateral fields combined 

Patient points and distances Mask (WM) SIM-MY MY-MY 
(Fig. 4A) or SD SD 

no mask (NM) mm mm 

ventral border of breast WM 3.2 2.1 
(1,2); x NM 4.6 4.4 

lead grain on mask WM,x 4.0 3.1 
(3); x and y WM,y 2.7 2.5 

field width (x) WM 5.4 5.5 
NM 5.7 6.7 

field length (y) WM 6.9 3.6 
NM 6.5 4.9 

intersection lung block-field WM 10.2 12.0 
edge (5) NM 14.0 12.9 

slope", of lung block WM 2.3° 2.6' 
(degrees) NM 5.4 ' 5.9' 

verI. distance lung block- WM 16.2 16.4 
lung (5-6) NM 15.8 17.9 

hor. distance dorsal field WM 7.6 5.8 
edge-lung (7) NM 5.8 5.8 

Discussion 

The present focus on the accuracy of patient positioning has led to the 
development of various electronic portal imaging devices (5,80,123,132) and to 
a recent increase in studies on the accuracy of patient positioning for various 
tumor sites and positioning techniques. Especially complex fields 
(26,47,57,64,77 ,78, 112) and head and neck fields -being a treatment site where 
dose-response curves are considered to be steep (44) and in which the presence 
of a critical organ close to the high-dose region makes precision imperative
(50,56,76,86) have been the subject of investigation. The earliest studies resulted 
in an increased attention of radiation oncologists to leaving adequate margins 
around the target volume and in a more regular use of verification films. As a 
result, in follow-up investigations a reduction of error rates was found (78,[12). 
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Theoretical considerations (44), as well as clinical studies have shown that an 

underdosage in the field margins, due either to uncareful planning of 

radiotherapy setup or to localization errors, can result in an increase in 

recurrence rates (64) and even in decreased survival rates (130). These findings 

have alerted radiation oncologists and physicists to the possible clinical impact of 

setup inaccuracies. 

Field placement error rates reported in the literature vary for the several 

treatment sites (20,97). A uniform observation of many authors is that, even 

when mean deviations appear to be small, substantial inaccuracies for individual 

patients occur. This is also true for treatment setups where immobilization 

devices are used (50,56). Very little information is available regarding the 

accuracy of patient positioning in breast cancer. Rabinowitz et al. (97) did 
include two breast cancer patients, positioned with an arm support, in their study 

of the accuracy of radiation field aligmnent for a wide range of treatment sites. 
In the so-called daily study of seven patients who were selected to have daily 

portal films taken of one field, one breast cancer patient was included. The 
treatment-to-treatment variation, as reflected by the SD of all measurements 

performed on these portal films, was 3 mm (left oblique) and 3.8 mm (right 

oblique) for this patient. The average treatment-to-treatment variation (1 SD) for 

all patients in the daily study was 3.3 mm. The comparison of the last available 
portal film of each field with their corresponding simulation films yielded larger 

variations: a mean average discrepancy of 5.1 mm and a mean worst case 
discrepancy of 7.7 mm for all sites combined (71 patients). Regrettably, no 

separate reference to the breast cancer patients is made; probably these patients 

were included in the group of patients irradiated to thorax sites. For the subset 

of patients irradiated to the thorax, the mean average SIM-MV discrepancy was 
5.8 mm, the mean worst case discrepancy was 9.2 mm and in 15% of patients 

the worst case discrepancy exceeded 15 mm. The thorax was the site with the 

highest error rates. Rabinowitz et al. (97) concluded that the discrepancies 
between simulation and treatment were significantly larger than treatment-to

treatment variations at most sites. 

Another study referring to setup of breast cancer patients is that by Jakobsen et 
al. (62). They analyzed the setup accuracy of 29 breast cancer patients 

immobilized on either a foam cast or a new system consisting of an airtight 

plastic bag containing po!ysterol microspheres. On all patients a mastectomy had 



56 Chapter 3 

been performed and they received postoperative irradiation to the chest wall and 

the regional lymphatics. Jakobsen et af. (62) analyzed the anterior supra

clavicular/axillary fields by comparing the position of the center cross of the 

treatment field on the portal films to that on the simulation fihns. Standard 
deviations of displacement using the new system were 3 mm and 2.9 mm for the 

transversal and longitudinal direction and 1.4 ° for rotation of the field center. 

Displacements ~ I cm occurred in 0.9% of treatments using the new system 

compared to 3.4 % using the old system. 

As stated by many authors (20,46,78,97), it is essential to know the accuracy 

of patient positioning for each treatment site to determine the amount of margin 

that should be left around the target volume. If reasons for inaccuracies can be 

identified, positioning techniques can be improved, enabling the use of small but 

reliable margins. For this reason, a series of prospective studies of the accuracy 

of patient positioning techniques for the various tumor sites is being carried out 

in the DDHCC. In earlier surveys the accuracy of patient positioning in the head 

and neck region (56) and in mantle field irradiation (26) were analyzed. Error 

rates were relatively modest as compared to the literature. When starting the 

analysis of the patient positioning in breast cancer, it was expected to find minor 

inaccuracies, as these treatments form a large part of the daily work load and the 

technique has been routinely used for over ten years. The position of the patient 
in the field as such turned out to be acceptable (standard deviations < 5 mm). 

However, relatively large variations were found for field size (SD 5-7 mm), 
collimator angle (SD 1.5-2°) and block position (SD 10-16 mm). It appeared 

that the technicians had become used to slightly adjusting the field size and/or 

collimator rotation in order to obtain a seemingly better congruity of the light 

beam with the skin or mask markings. As the study was performed shortly 
before the introduction of a record-and-verify system on this accelerator, these 

slight adjustments could go unnoticed. As a test, the congruity of some 
"adjusted" fields with their corresponding simulation images was compared to 

that of the same "unadjusted" fields (that is, with the field size as prescribed at 
simulation). As SDs for the "unadjusted" fields were smaller, it appeared that 

the adjustments had worsened rather than improved positioning accuracy. As 
adjusting the field size and/or collimator rotation on the basis of external 

landmarks results in a change in the parameters set at simulation, it call1lot be 

predicted how the adjustments work out relative to the patient's internal 



Setup accuracy ill breast irradiation 57 

anatomy. Under- or overdosing could occur, especially at the field edges and 

field junctions. If congruity of the light beam with the skin or mask markings 

cannot be obtained, the set up should be checked by megavolt imaging and/or by 

repeating the simulation procedure. 

A cause for concern was the large amount of variations in position of the lung 

shielding block. The alignment of the block to the skin or mask markings was 

found to be a source of errors, especially in lateral treatment fields. It had been 

expected that alignment would be more accurate in positioning with a mask, as 

the markings on the skin might fade with time. Although the standard deviations 

of the slope of the lung block and of the intersection of the block with the dorsal 

field edge (point 5 in Fig. 4) were slightly larger in postioning without a mask, 

this was not the case for the vertical distance between the lung block and the 

lung contour (Table 2). A possible explanation for the larger variations in lateral 

fields could be the fact that, to align a block to the skin or mask markings with 

the gantry at a rotation of ± 55°, the technicians have to bend far down to fix 
the heavy shielding block to the tray on the collimator. It could be that in this 

position alignment of the block is more difficult and is carried out as quickly as 
possible. The pins fixing the block to the tray might not have been fastened 

precisely at the center of the block, thus allowing the block to tilt somewhat to 
one side. It should be kept in mind that the tray with the shielding block is at 

close distance to the focus and thus small inaccuracies in block alignment can 
result in large deviations. Moreover, as the variations in field width and 

collimator angle influenced the position of the intersection of the lung block with 

the dorsal field edge, these variations contributed to the errors in block position. 

It has been shown (76,122) that fixation devices can enhance positioning 

reproducibility. In this study, one of the major questions was if the use of a 

mask did improve accuracy when compared to positioning without a mask. As 
can be concluded from the data presented in Tables I and 2, no major 

differences were found. For positioning without a mask, most standard 

deviations and extreme values tended to be slightly larger than in positioning 

with a mask. However, variations in the distance between the dorsal field edge 

and the ventral border of the lung contour (point 7 in Fig. 4) were larger in 

patients positioned with a mask. No difference was found in the frequency of 

field "adjustments". Although ideally a precisely fitting mask would be expected 

to ensure exact repositioning of a patient, it seemed that in daily practice the 
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intended position could not be easily reproduced, and sometimes the mask 

appeared to have been put onto the patient with too much pressure. This might 

have caused a displacement of the breast relative to the markings on the mask, 

resulting in positioning errors especially for the position of anatomical structures 

relative to the field edge. 

A comparison of the accuracy of patient positioning on the flat board to the 

wedge-shaped board yielded similar results. However, in positioning of patients 

on the wedge-shaped board no lung shielding block is used, thus ruling out a 

source of considerable errors, which seems to be an advantage of this technique. 

Other advantages of the wedge-shaped board are the ease and speed of patient 

positioning. 
The accuracy of patient positioning for the supraclavicular fields was studied in 

only four patients. The most striking finding was the inaccuracy of the 
positioning of the blocks shielding the area of the divergence of the medial and 

lateral beams at the inferior edge of the field. The angle between these blocks 

and the inferior field border is small and the points of intersection of the blocks 

with the field edge might thus be difficult to discern (see Fig. 4B). These 
substantial variations in block position, together with the malrotations of the 

tangential fields result in an unintended zone of potential over- or underdosage 
at the junction of the fields. Elimination of the superior divergence of the 

tangential beams by rotating the couch 50, instead of using shielding blocks in 

the supraclavicular field, might result in a sharper matchline between the fields. 

However, with the present inaccuracies it can be doubted if a better alignment 

would have been obtained. Recently, two accelerators with independent 

collimators have been installed in our institute. In the future these will be used 

to produce half beam blocking of the tangential and supraclavicular fields, thus 

removing the divergence in the field junction. 

Treatment-to-treattnent variations were analyzed by comparison of the MV 

images to the first MV image. MV-MV differences turned out to be somewhat 
smaller than SIM-MV differences, indicating that the transition from simulation 

to treattnent yielded larger deviations than repeated treattnent setups. This is in 
agreement with several other reports (46,97). The SDs for variation in position 

of the patient in the field (Table 3) correspond with the SD for treattnent-to

treattnent variations of 3 mm as reported by several authors (56,86,97). 
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However, treatment-to-treatment variations for field size and block positioning 

were obviously larger. 

The findings of this study were presented to the technicians and the radiation 
oncologists, which resulted in recommendations for improvements which have 

been implemented in daily practice. Adapting the parameters set at simulation is 

strongly discouraged and is precluded by the use of record-and-verify systems 

on all accelerators. Megavolt imaging is now being performed for all the linac's 

patients at the first treatment, after each setup change and whenever a setup 

appears to be difficult to reproduce. Check images are obtained at 4 cOy, after 

which the treatment is interrupted for visual judgement of congruity with the 

simulation image. If by visual comparison of the megavolt image with the 
simulation image a relevant inaccuracy is found, the patient is repositioned. If 

the positioning of the patient cannot be reproduced as determined on the 
simulator, the sinmlation procedure is to be repeated before the next treatment. 

This has resulted in an early recognition and regular checking of setups which 

can only be reproduced with difficulty. A follow-up study is planned to check if 

the expected improvements in precision have indeed been achieved. 
In conclusion, continuous attention to the accuracy of positioning techniques 

routinely employed is of utmost importance to achieve maximal precision in 

radiotherapy. This analysis of the accuracy of a "routine" technique has been 

shown to result in larger error rates than was expected. The SDs for the position 

of the patient in the field were comparable to the scarce data reported in 
literature, but error rates for field size and block positioning were found to be 

unacceptable. The use of a mask did not seem to improve positioning accuracy. 

The use of the wedge-shaped board is preferred because of the ease of patient 

positioning and because the use of a lung block is avoided. The electronic portal 

imaging device enables both a quick visual on-line comparison of the treatment 

image to the corresponding simulation image and extensive off-line analyses, 

thus contributing to precision of patient positioning. 

The results of this study and of subsequent studies will be used to improve 

positioning techniques, and to determine the remaining unavoidable random 
positioning inaccuracies. It is intended to establish positioning tolerance tables 

and define critical margins for the various treatment sites in order to use these 
tables in further projects to develop computer aided on-line setup verification 

procedures with semi-automatic golno go decisions. 
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Abstract 

Purpose Determining and improving the accuracy of patient positioning in 

pelvic fields. 

Methods and Materials Small pelvic fields were studied in 16 patients treated 
for urological cancers using a three-field isocentric technique. Large pelvic 

fields were studied in 17 gynecological cancer patients treated with anterior and 

posterior (AP-PA) parallel opposed fields. Quantitative analysis of 645 megavolt 

images and comparison to 82 simulation images were carried out. 

Results Small pelvic fields: For the position of the patient in the field, standard 
deviations of the difference between simulation (SIM) and treatment (My) 

images were 3.4 mm in the lateral direction, 5.3 mm in the cranio-caudal 
direction, and 4.8 mm in the ventro-dorsal direction. Alterations in the 

positioning technique were made and tested. Large pelvic fields: Differences 
between simulation and treatment images for the position of the patient in the 

field were 4 mm (1 standard deviation) in the lateral direction and 6.5 mm in the 
cranio-caudal direction. A systematic shift of the treatment field in the cranial 

direction had occurred in the majority of patients. A positioning technique using 

laser lines and marking of the caudal field border was shown to be more 

accurate. 

Coneiusion Studies of positioning accuracy in routine irradiation techniques are 
needed to obtain data for definition of the margins for each treatment site at each 

institution. Random variations should be kept at a minimum by monitoring and 
improving positioning techniques. Treatment verification by megavolt imaging 

or film should be used to detect and correct systematic variations early in the 

treatment series. 

Introduction 

The introduction of highly sophisticated radiotherapy treatment equipment with 
multi-leaf collimators and of three-dimensional (3D) planning systems with 

Beam's Eye View facilities allows for high precision therapy to be delivered to 
the target volume with optimal sparing of normal tissues. As described in the 

International Commission on Radiation Units and Measurements (ICRU) 50 
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report (61), the planning target volume (PTV) is defined as the clinical target 
volume (CTV, i.e. gross tumor volume (GTV) and the region of subclinical 

disease) with an added margin to compensate for the effects of organ and patient 
movement and inaccuracies in beam and patient setup. The definition of this 

margin is essential, as it should be small enough to spare normal tissues and 

large enough to ensure irradiation of the CTV to the prescribed dose. The 

reproducibility of day-to-day patient setup might well be the crucial factor for 
determination of the size of the margins for each treatment technique at each 

individual institution. 
In the Daniel den Hoed Cancer Center (DDHCC), a series of prospective 

quality control studies is being carried out to determine the accuracy of current 

positioning techniques. If the technique studied is shown to be reliable and 

reproducible within acceptable limits, small and safe margins can be defined 

around the CTV involved. If the study yields higher error rates than expected, 

the technique should be altered to improve its accuracy, after which the 

reproducibility should again be checked to ascertain the size of margins to be 

used. 
In earlier studies the accuracy of patient positioning was evaluated in mantle 

field irradiation (26), in head and neck cancer (56) and in irradiation of breast 

cancer (24). The studies of head and neck cancer and of mantle fields showed 

modest error rates as compared to literature data. However, the study of patient 

positioning in breast cancer yielded larger error rates than was expected, 

stressing the importance of continuous attention to the accuracy of "routine" 

irradiation techniques. The present study was carried out to evaluate the 

accuracy of patient positioning in irradiation of pelvic fields. The study consisted 
of two parts, investigating treatment setup accuracy in small and large pelvic 

fields, respectively. 

Methods and Materials 

Two separate studies were carried out. In the first study, the accuracy of patient 

positioning in irradiation of small pelvic fields for urological cancers was 

investigated. The study group consisted of 16 patients treated for bladder or 

prostate cancer between October 1989 and June 1990. In the second study, 
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carried out between July 1990 and March 1991, large pelvic fields were 

investigated in 17 patients treated for cancer of the cervix or endometrium. In 

addition to both studies, follow-up studies were done to check if alterations, 

made as a result of the studies, had indeed improved positioning accuracy. The 

design and the results of the studies will be described separately. 

Treatment technique in urological callcer 
All patients were treated using computerized tomography (CT) planning. The 

patient was positioned for CT scanning in the supine treatment position on a flat 

couch. Using alignment lasers, a cranio-caudal midline reference line and two 

lateral lines were drawn on the patient's skin. Oral contrast was used for small 

bowel visualization and a radioopaque catheter was placed on the cranio-caudal 

reference line. The CT slice thickness and spacing were 10 mm. The CT 

information was sent to a planning system. The outlines of the target volume and 

of the organs at risk were drawn in every slice by the radiation oncologist 

responsible for the patient's treatment. The GTV was defined as the prostate 

gland (including, except for Tl tumors, the seminal vesicles) or the bladder, 

respectively. Usually, for the PTV a margin of 1.5 cm was added (0.5 cm for 

subclinical spread and an additional 1 cm to allow for patient movement and 

geometrical inaccuracies). A three-field isocentric technique with an anterior 

(AP) field and two wedged posterior oblique (PO) fields was used in all patients. 
The dose was specified at the isocenter. Simulation of the treatment plan was 

carried out. At simulation, a field center tattoo was placed, and two lateral skin 
markings were drawn at equal heights to minimize rotation of the pelvis. 

Treatment was carried out using 6 MV photons from a linear accelerator at a 

source-isocenter distance of 100 cm. All fields were treated daily, five times a 
week, to a total dose of 66 Gy using 2 Gy fractions. Prostate cancer patients 

were both CT scanned and treated with a full bladder to push the small bowel 

out of the field; patients with bladder cancer were asked to empty their bladder 
before scanning and treatment to keep the treatment volume as small as possible. 

The patients were positioned on the treatment couch in the same position as at 

CT scanning and simulation. Alignnlent was carried out using wall pointers. The 

source-skin distance (SSD) was calculated from the treatment plan and was used 

for patient setup. At the time of the study, no treatment verification/registration 

system was operational at the accelerator. 
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Follow-up studies 
In 1991, alterations in the positioning technique were made which consisted of 

the use of a styrofoam table top to prevent sagging of the polycarbonate (mylar) 
film window, and the use of the isocenter-couch distance for patient setup. 

Furthermore, regular megavolt imaging was used at the first treatment fraction. 

A pilot study was carried out in August 1991 to check if positioning accuracy 

had been improved. 
In 1992, a Netherlands collaborating group for Megavolt Imaging was started 

and a verification and correction procedure for small urological fields was 
designed and tested. As a pilot study, a series of 9 patients, treated December 

1992 - January 1993, was studied to determine the feasibility of this procedure, 

and its effect on the incidence and magnitude of systematic errors. 

Treatmelll technique ill gyl/ecological callcer 
All patients were treated to the whole pelvis using anterior (AP) and posterior 

(PA) parallel-opposed fields encompassing the (site of the) uterus and adnexa, 

the parametria, the proximal two-thirds of the vagina, and the hypogastric and 

common iliac lymph node drainage areas. Patient positioning was carried out 

using a standardized technique developed in the DDHCC and in use since the 

early 1970s. This technique was designed at the time to avoid the use of skin 

markings on these often obese patients and use the pelvic bones for setup 
instead. The patient is positioned in the supine position on a special device 

consisting of a thin aluminium plate and two vertical hip supports with 
centimeter scales (Fig. lA). Rotation of the pelvis is prevented by placing small 

metal plates over the hip supports and comparing the scales to ensure equal 
height on both sides. A so-called pair of compasses is used to ensure correct 

midline positioning of the patient (Fig. lB). A vertical stand is fixed to the 

aluminium plate and a vertical pin is attached to the horizontal bar of the stand 
(Fig. IC). The pin is then pushed against the pubic bone and the position of the 

pin on the horizontal bar is measured and noted for definition and daily 

reproduction of the cranio-caudal level of the field center. Using this technique, 

the positioning of the patient takes approximately 7 minutes. 

At simulation, the cranial, caudal, and lateral edges of the treatment field are 
defined, and simulation films are taken. The radiation oncologist indicates the 

treatment field on the simulation films, after which a transparent sheet is 
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Figllre 1 

The positioning device for gynecological cancer patients. (A) Base plate. hip supports, alld 
trallparellt sheet for block placemellt. (B) Midline positioning of the patient. (e) The vertical 
pill Jor crallio-caudal field orientation. 
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produced to be used for daily placement of the shielding blocks. Divergent 

shielding blocks are aligned to the markings on the transparent sheet and are 

fixed to a tray on the head of the linear accelerator. Both AP and PA fields are 
treated daily to a total dose of 46 Oy in 2 Oy fractions, using 6 MV photons at 

an SSD of 100 cm. 

Follow-up study 
In 1992, an alternative positioning technique using long laser lines was tested 

against the traditional technique in a small pilot study, and late 1993 a further 

series of 15 patients were positioned and treated using the new technique. On 

one of the newer accelerators', which is equipped with alignment lasers, the 
patients were positioned without the special device. Positioning was carried out 

using long vertical lateral laser lines, to prevent torsion of the patient and 

rotation of the pelvis; a longitudinal midline laser line, to prevent torsion and to 

ensure a correct midline position of the patient; and a long transversal line with 

tattoos, for marking the caudal field border. In this positioning technique, the 

caudal field border and the transversal laser line are the main parameters for 

setup. 

Megavolt imagillg alld allalysis of the data 
For both study groups, megavolt imaging was carried out twice a week 
throughout treatment. Images were obtained of all treatment fields using a fast 

electronic fluoroscopic portal imaging system'. This system was developed in 

the DDHCC in collaboration with Philips Medical Systems Radiotherapy and the 

Laboratory of Space Research Leiden. After a prototype phase (1985-1989), the 
product type was installed on a linear accelerator' in 1989. The characteristics 

and clinical application of this system have been described in previous 
publications (1,2,24,123). An important feature of this fast on-line electronic 

3 Siemens KD2, Siemens Medical- Laboratories, Concord, California 94520, USA 

, Philips SRI-IOO Radiotherapy Imaging System, Philips Medical Systems Radiotherapy, 
Crawley, West Sussex RHIO 2RR, United Kingdom 

, Philips SL-75/1O, Philips Medical Systems Radiotherapy, Crawley, West Sussex RHIO 
2RR, United Kingdom 
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imaging device is the fixed position of the detector with regard to the beam axis. 

This allows for the use of a common coordinate system in the digitized 

simulation (SIM) and megavolt (MV) images with the origin at the beam center 
and the orientation of the axes determined by the collimation system. 

A total number of 645 MV images (406 and 239 images of the small and large 

pelvic fields, respectively) was obtained in addition to 82 (48 and 34) digitized 

SIM images. On-line assessment of the images was not performed. Relevant 
anatomical points and points on the field edges and shielding blocks were 

defined (Fig. 2) and indicated in each image on the video monitor with a mouse. 

The coordinates of these points were loaded in a spreadsheet and further analysis 

was performed using a statistical software package'. The reproducibility of the 

indication of the points on the video monitor was checked. The standard 

deviation of repeated indications of the points in the same image was 0.5 mm 
for both small and large pelvic fields. Field edge detection was carried out by 

applying the Sobel gradient operator twice to each unprocessed image in four 
orthogonal directions, resulting in a small black envelope between two white 

bars, the black envelope representing the true field edge (24). Earlier tests had 

shown the congruity of the field edges thus obtained with the true field edges 

(by definition the 50% isodose) to be accurate with 1 SD = 0.7 mm. 
Differences between simulation and treatment setup were determined by 

comparison of the MV images with the corresponding SIM image. Differences 
between simulation and treatment images (SIM-MY) were calculated in mm at 

the isocenter. The position of the patient in the treatment field, the field size, 

and the position of shielding blocks were determined independently. This 

method of analysis was described in more detail in a previous publication (24). 

The overall accuracy of a patient positioning technique is reflected by the 

standard deviations of the mean SIM-MV differences, averaged over all patients. 

If mean values of SIM-MV differences are close to zero, there are no overall 
systematic variations. However, for individual patients, systematic variations do 

occur. To separate random and systematic variations and to identify individual 

systematic variations, further analysis was carried out. To identify the random 
variation of a parameter, the spread of the SIM-MV differences around the 

6 STATA, reJease 3.1; Stata Corporation, College Station, Texas 77840, USA 
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corresponding mean was calculated in each patient. For the total group of 

patients the average of these standard deviations for individual patients was 

taken as a measure for the random variations (defined as (J by Bijhold et al. 
(15». It was verified that the average standard deviation was close to the result 

calculated by taking the "within patients" sum of squares divided by the number 

of degrees of freedom. The systematic variation of a parameter was calculated 

by determining the spread (1 SO) in the individual mean SIM-MV differences. 

The mean value of these individual mean SIM-MV differences represents the 

overall systematic variation, and the standard deviation of this distribution 
represents the magnitude of individual systematic variations (corresponding with 

E as defined by Bijhold et al. (15». Thus, the overall accuracy is represented by 

the overall SO; the random variation by (J, the average SO of the SIM-MV 

differences per patient; and the systematic variation by E, the SO of the mean 

SIM -MV differences. 

Results 

Small pelvic fields for urological cancer 
In AP fields, field size variations were surprisingly high (SO = 4.8 mm for 

both field width and length; extreme values of SIM -MV differences were 38 and 
40 mm). This was found to be caused by the erroneous interchange of field 

width and length on three occasions (3 patients, for each patient at one fraction). 

A record-and-verify system was not yet operational at the time. Excluding these 

3 patients, SOs for field width and length were 2.0 and 2.7 mm with extreme 
values of 3 and 10 mm. For PO fields, field size SOs were 3.0 (width) and 

5.1 mm (length). The interchange of field width and length had been detected 
and corrected before irradiating the PO fields in 2 patients. Exclusion of the 

third patient yielded field size SOs for the PO fields of 2.8 mm (width) and 
3.6 rum (length). 

For AP fields, the position of the patient in the field was analyzed using four 
bony landmarks (Fig. 2A). The position of the patient in the field was more 

accurate in the medio-lateral (ML) direction (SO 3.3 - 3.8 mm) than in the 
cranio-caudal (CC) direction (SO 5.3 - 5.7 mm). 
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For PO fields, the femoral heads were used to analyze the position of the 
patient in the field (Fig. 2B, points 2 and 3 for the ventro-dorsal direction, and 

point 4 for the cranio-caudal direction). Rotation in the hip joint was measured 
by calculation of the angle between a line connecting points 2 and 5 and the 

caudal field border. The SD of this angle was 5.0 0
• As rotation in the hip joint 

does influence the position of point 2 in the ventro-dorsal direction, it was 

decided that point 3 be used for analysis of the position of the patient in the field 
for the ventro-dorsal direction. 

B 

Figure 2 
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Diagram of a small pelvic field for urolo$ical cancer: AP field. 1: upper left jield 
comer. 2: upper margin of pubic symphysIs. 3: lower margin of pubic symphysIs. 4: 
upper corner of left obturator foramen. 5: upper comer of right obturator foramen. 
Diagram of a small pelvic field for urological cancer: PO field. 1: upper velltral 
field cOl'ller. 2: illtersection of the femoral shaft with the caudal field border. 3: 
velltral border of the femoral head. 4: crauial border of the femoral head. 
Diagram of a large pelvic field for gynecological cOllcer. 1-6: intersection of the 
shielding blocks with the field edges. 7: IIpper margin Of pubic symphysis. 8: lateral 
edge of tme pelvis. right. 9: lateral edge of true pelvis. left. 10: inferior aspect of 
sacroiliac joillf, right. 11: inferior aspect of sacroiliac joillf, left. 
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In Tables 1 and 2, the overall accuracy (SO) of patient positioning is presented, 

along with the systematic (E) and random (0) components, for AP and PO fields 

respectively. 

Table 1. Differences between simulation and treatment (SIM-MV'): small pelvic 
fields (AP) 

Patient points SD' Systematic· Random· 
and field sizet E (J 

(Fig.2B) mm mm mm 

field widtll x 2.0 1.4 1.4 

field lengtll y 2.7 1.7 1.8 

Pubic symph (2) x 3.4 2.3 2.5 

range points 2-5 x 3.3-3.8 2.2-2.8 2.3-2.7 

Pubic symph (2) y 5.3 3.9 3.8 

range points 2-5 y 5.3-5.7 3.9-4.6 3.7-4.0 

The standard deviation (SO) of the mean values of the difference between the 
position of the respective points, or of the field size, in the simulation and 
treatment images (SIM-MV), the systematic variations, and the random variations. 
For definition and calculation, see text. 

t Field size after exclusion of three field width-length interchanges (see text). 

Follow-up studies 
In Fig. 3 the results of the study of 9 patients using the verification and 

correction rule are compared to those of the first study. Random errors were 

reduced to 2.7 mm (x), 2.5 mm (y) and 2.3 mm (z), and systematic errors to 

1.3 mm (x), 2.0 mm (y) and 2.1 mm (z), respectively. This improvement 
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appeared to be statistically significant for the systematic errors in the lateral 

direction (p = 0.04 with the F-test, p = 0.06 with a nonparametric test 
[Wilcoxon Rank-Sum test]). The improvement in the cranio-caudal direction did 

not yet reach statistical significance (p = 0.09). 

Figure 3 

Systematic variation 1990 - 1993 
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Histograms of (0) systematic alld (b) random variations (1 SD) in the position of the patient ill 
small pelvic fields ill respectively, the media-lateral, crania-caudal, alld ventra-dorsal 
directiolls. Comparisoll of t"e results of t"e 1990 study alld t"e 1993 feasibility study usil/g t"e 
verification alld correction procedure. Note the redllctioll ill systematic errors in the 1993 
study. 



74 Chapter 4 

Table 2. Differences between simulation and treatment (SIM-MV'): small pelvic 
fields (right and left oblique fields combined) 

Patient points SD' Systematic· Random· 
and field sizet E (J 

(Fig. 2B) rum mm mm 

field widU. 2.8 2.2 1.9 
(z) 

field length 3.6 3.0 2.0 
(y) 

Femoral head (3) 4.8 3.3 3.7 
(z) 

Femoral head (4) 5.7 4.2 3.6 
(y) 

The standard deviation (SD) of the mean values of the difference between the 
position of the respective points, or of the field size, in the simulation and 
treatment images (SIM-MV), the systematic variations, and the random variations. 
For definition and calculation, see text. 

t Field size after exclusion of the patient with a field width-length interchange (see 
text). 

Large pelvic fields for gynecological cancer 
In these fields, the field length is determined by the actual cranial and caudal 

field (collimator) edges, while the field width is determined by a combination of 

the field edges and the shielding blocks. In 13 patients, the field was too long 

with respect to the detector, so in these patients, the field length could not be 

measured. The results for field length are those of the remaining 4 patients (71 

measurements). The other parameters could be measured in all patients. As the 

results for AP and PA fields differed only minimally, they were analyzed 

together. 

The results are presented in Table 3. For representation of the position of the 

patient in the field, both the pubic symphysis (point 7) and a combination of 

points 7, 8, and 9 (x-direction) and 7, 10, and 11 (y-direction) were used 

(Fig. 2C and Table 3). Small differences between these values could be caused 

by a rotational component. For the position of the patient in the cranio-caudal 
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direction, mean SIM-MV differences were 2.3 rum (mean movement of the MV 

field in the cranial direction), with SO values of 6.3-7.3 rum and both random 

and systematic components of 4.5-5 rum. As illustrated in Fig. 4, systematic 

deviations occurred for most patients, with a field shift in the cranial direction in 

the majority of patients. 

In-plane rotation of the patient was measured by calculating the slope of the 

lines connecting point 7 and points 8,9, 10, and 11, respectively; the results 

were essentially the same, with 1 SO = 3 0 and extreme values up to 11 0 . 

Table 3. Differences between simulation and treatment (81M-MY): large pelvic 
fields (AP and PA combined) 

Patient points Mean SD' Systematic' Random' 
and field size SIM-MV' E If 

(Fig.2C) mm mm mm mm 

field width 0.2 4.1 3.5 1.9 
(x) 

field length 1.8 2.8 2.5 1.3 
(y) 

Pnbic symphysis (7) 0.7 4.4 3.1 3.4 
x 

Pnbic symphysis (7) 2.3 6.3 4.4 4.5 
Y 

Patient position (x) range 0.7-0.7 3.6-4.4 2.5-3.1 2.7-3.4 
points 7-9 

Patient position (y) range 7, 1.8-3.3 6.3-7.3 4.4-5.1 4.5-5.3 
10, and 11 

Rotation along 1.00 3.10 2.20 2.20 
z-axis (7-8;7-9) 

The mean values of the differences between the position of the respective points, 
or of the field size, in the simulation and treatment images (8IM-MV), the 
standard deviation (8D) of the mean, the systematic variations, and the random 
variations. A negative value of a mean 8IM-MV difference represents a mean shift 
of that point in the MV images in the right lateral (x) or cranial (y) direction. 



76 

E 
E 
~ 

20.0 

-20.0 

Figure 4 

T 

0.0 5.0 

I I 

10.0 
pat.no. 

I 

Chapter 4 

T I 
I 

15.0 20.0 

Large pelvic fields for gYllecological cOllcer. Diagram of the SIM-MV differellces for the 
position of the PUbIC symphysis (point 7 in Fig. 2C) ill the cranio-cal/dar directioll: mean 
differences alld standard deviatiolls of the mean per pallell(. Note the systematic shift of 
various palienls ill the caudal directioll (field moving ill the crallial directioll). 

Follow-up study 
Table 4 summarizes the positioning accuracy of the 15 patients positioned using 
the technique with long laser lines and marking of the caudal field border. As 

this study had been carried out with megavolt films, the possibilities for contrast 

enhancement were more limited than in the previous study. As a result, the 

presence of the shielding block tray in the images often impaired the assessment 
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of the exact location of the pubic symphysis in the x-direction and of the sacro

iliac joints in both the x- and y-directions. Thus, the pubic symphysis was used 

to represent the position of the patient in the y-direction and the points on the 

lateral pelvic edges (points 8 and 9 in Fig. 2C) to represent the position in the 

x-direction. The results for the medio-lateral direction turned out to be 
essentially the same as those from the traditional technique (Tables 3 and 4). For 

the cranio-caudal direction, however, positioning accuracy was improved 

(E 3.1 mm vs. 4.4 mm; (J 3.0 mm vs. 4.5 mm); this difference was statistically 

significant for (J (p < 0.01 using the Student T-test (mean comparison test). For 

E, the difference was not statistically significant (p = 0.45 according to the 

F-test and according to a nonparametric test (Wilcoxon Rank Sum test). 
To determine if the position of the pubic symphysis was indeed representative 

of the cranio-caudal position of the patient in the treatment field (rotational 

influences could cause differences between the position of this point and the 

points on the sacro-iliac joints) we determined the position of the patient using 

an anatomical match in a subset of 5 patients. The pelvic rim was indicated in 

the treatment images, and by matching this contour with that in the simulation 

image, SIM-MV differences for the medio-lateral and cranio-caudal directions 

could be calculated, as well as the in-plane rotation. The SDs for both directions 

turned out to be similar to those determined by analyzing the position of the 

pubic symphysis for the y-direction and the points on the pelvic rim for the 
x-direction. Rotations were shown to be modest: mean -0.5°, SD 1.6°, extremes 
_5° to +3°. 

Discussion 

The recent literature has shown an increase in studies of the accuracy of patient 

positioning for various tumor sites and positioning techniques. Particularly 
reports on an increase in recurrence rates (64) and/or reduction in survival rates 

(130) caused by underdosage in the field margins, have alerted radiation 

oncologists to the possible clinical impact of positioning inaccuracies. Studies 

have demonstrated that attention to adequate margins around the target volume, 
and regular use of treatment verification, results in a reduction of error rates 

(48,78,112). These findings have led to an increased use of portal imaging, and 



78 Chapter 4 

Table 4. Differences between simulation and treatment (SIM-MY): large pelvic fields 
(positioning technique with long laser lines and marking of the caudal field border; 
AP and PA combined) 

Patient points Mean SD' Systematic· Random· 
and field size SIM-MY' l.: (J 

(Fig.2C) mm mm mm mm 

field width -0.1 3.6 3.1 1.7 
(x) 

field length -2.0 3.7 2.5 2.5 
(y) 

Patient position 0.8-1.3 4.0-4.5 2.3-3.1 3.2-3.3 
(8, 9); x 

Patient position -1.5 4.2 3.1 3.0 
(7); y 

Rotation along -0.5 1.6 1.1 1.1 
z-axis (7-8;7-9) 

The mean values of the differences between the position of the respective poiots, 
or of the field size, in the simulation and treatment images (SIM-MY), the 
standard deviation (SD), the systematic variations, and the random variations. A 
negative value of a mean SIM-MY difference represents a mean shift of that point 
in the MY images in the right lateral (x) or cranial (y) direction. 

to the development of fast electronic portal imaging devices, allowing both quick 

on-line estimates of the setup accuracy and extensive off-line analyses. The 

present interest in conformal therapy has made exact knowledge of the accuracy 

of the positioning technique involved, and its verification, essential. 

Pelvic fields have been the subject of several studies of positioning accuracy 

(15,28,32,46,99), since in general surveys of positioning accuracy (20,97) the 

pelvis was shown to be a site of relatively large errors, and because the pelvis is 

a site of high-dose curative treatment with the presence of critical, dose limiting 

normal tissues. Rabinowitz et al. (97) found for pelvic fields an average 

SIM-MY discrepancy of 5.6 mm and an average worst case discrepancy of 8.4 

mm. Griffiths et al. (46) studied various setup methods in 20 patients treated to 

parallel opposed pelvic fields for gynecological cancers. Standard deviations for 
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lateral shift were 1.4 - 2.7 mm; for cranio-caudal shift, they were 2.9 - 4.5 mm. 

The use of aligrunent lasers reduced both the incidence and the maximum value 

of lateral shift errors. Errors were larger when a mattress was used and with 

increasing patient diameter. In a study of on-line portal imaging by De Neve et 

al. (28), 566 parallel opposed pelvic fields were evaluated in 13 patients. Portal 

images were immediately evaluated and, whenever a visible error was detected, 

corrective table adjustments were applied using a telecontrolled patient couch. In 
54.5 % of the fields, adjustments were performed. A setup method matching a 

longitudinal laser line and the caudal field border was shown to be more 
accurate in the crania-caudal direction. Portal imaging and adjustments caused a 

45 % mean increase in treatment time. Balter et al. (6) performed simulations of 

on-line repositioning. He showed that repositioning of the field for those 

treatments in which an error of :<: 1 cm is found, results in improvement in the 

cumulative dose distribution. 

Bijhold et al. (15) developed a decision protocol for correction of systematic 
errors in patients receiving three-field pelvic irradiation for prostate cancer. A 

3D displacement vector was calculated from the 2D vectors measured in the AP 
and lateral fields. Using a 99 or 95 % confidence level based on the average 

value of the vectors measured, a decision rule was applied: a correction was 

performed if the deviation was outside the confidence region. On consecutive 

days additional images were taken, and the resulting displacement vectors were 
averaged with the previous vectors. Thus, by averaging, the influence of random 

variations on the displacement vector decreased, and the action level could be 

taken lower (i.e. at the 67% confidence level). The average systematic and 
random shifts for all patients were 1.2 mm and 1.7 mm in the lateral direction 

and 2 mm and 2.4 mm in the cranio-caudal direction, resulting in an overall SD 

of3 mm. 
In the present study, as in most of the other studies, the variations in patient 

position were larger in the cranio-caudal direction than in the lateral direction. 
Systematic and random components of the overall variations were similar, a 

finding which is in agreement with those of Bijhold et af. (15) and Huizenga et 

al. (56). As the study consisted of two separate patient groups, irradiated to 

different target volumes and using different positioning and treatment 
techniques, these will be discussed separately. 
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Small pelvic fields for urological callcer 
The overall accuracy of patient position in the lateral direction was within 

acceptable limits (1 SD 3.4 nun), but for both the cranio-caudal and ventro

dorsal directions, the SDs were ;" 5 mm. The variations in the cranio-caudal 

direction might be due to movement of the skin markings relative to the patient's 
anatomy. Respiration, weight loss, and possibly relaxation of the patient might 

be factors causing movement of the center tattoo, and rotation in the hip joints 

might result in movement of the lateral skin markings. 

The variations in the ventro-dorsal direction were considered to be mainly due 

to two factors. First, the practice to calculate the SSD from the treatment plan 

and use this for patient setup, could be a source of errors, as the SSD is 

influenced by abdominal movement (respiration) and patient diameter (weight 

loss). Secondly, it was found that the polycarbonate (mylar) film window of the 

treatment couch was not rigid enough and tended to sag under the patients' 

weight, thus causing errors in the ventro-dorsal direction. It was subsequently 
decided that the isocenter-couch distance was to be used for patient setup instead 

of the SSD, and that a rigid styrofoam table top would be used to prevent 

sagging of the polycarbonate (mylar) fihn window. Furthermore, a verification 

protocol was started for all patients, in which on-line verification of the 
treatment field was carried out at the first or second treatment session. If, by on

line comparison of the treatment field with the simulation image, a relevant 

inaccuracy was found, the patient was repositioned. If this did not improve the 
accuracy, the simulation procedure was repeated before the next treatment 

fraction. 

In 1993, a pilot study was carried out in a study group of 4 patients to check if 
the alterations had led to an improvement of accuracy. Standard deviations for 

patient position were 4.2 mm in the lateral direction, 2.9 nun in the cranio

caudal direction, and 4.5 nun in the ventro-dorsal direction. Standard deviations 

for field width and length were 2 nun, reflecting the present use of a verification 

system on the accelerator. As these results were from only a small group of 

patients, no tests for significance were performed. It was concluded that there 
was a trend of improved accuracy in the cranio-caudal and ventro-dorsal 

directions and this technique was subsequently used in the 1992-1993 study. 
This study, using a verification and correction protocol, did yield a statistically 

significant improvement in the systematic variations (Fig. 3). 
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Both in the present study and in the other studies of positioning accuracy in 

pelvic fields, the position of the pelvic bony structures in the field was used to 

ascertain the setup accuracy. However, the true accuracy of the treatment can 

only be judged in this way if the assumption, that the position of the prostate 

and/or the bladder within the pelvis is more or less fixed, is correct. The 

question of to what extent the bony structures of the pelvis represent the true 

position of the prostate or the bladder in the field, has been addressed by several 

authors (8,10,54,81,113), using 1251 seed implants or CT scans to compare the 

position of the prostate to that of the bony pelvis. Results of these studies have 

been summarized in Table 5. 

Table 5. Displacement of the prostate gland within the bony pelvis: literature data 
on prostate motion 

Author Method 

Hoekstra I-seeds 
et al. (54) 

Balter markers 
et al. (8) 

Ten Haken I-seeds/CT 
et al. (113) 

Beard CT scans 
et al. (10) supine 

Melian CT scans 
et al. (81) prone 

x' 

1 mm 

0.8mm 

0-3 mm 
median 1 

0-15 mm 

SD' 
y' 

2mm 

1.8 mm 

, 
z 

1.5mm 

2.2mm 

average 
3 mm 

0-16 mm 
median 4.5 

0-30 mm 

The standard deviations (SD) of displacement, or the range of absolute dis
placements, in the media-lateral (x), crania-caudal (y), and ventra-dorsal (z) 
directions. 

It can be concluded from these studies that prostate motion within the bony 

pelvis is not insignificant, and that studies measuring the motion of the borders 

of the prostate gland on a series of CT scans yield larger shifts than studies 

measuring the motion of implanted 1251 seeds. Thus, prostate motion has to be 

taken into account when choosing the margin around the CTV for patient and/or 
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organ movement and geometrical inaccuracies. If values of I rum (1 SD) for the 

lateral direction, 2 rum for the cranio-caudal direction, and 5 rum for the ventro

dorsal direction are taken to represent the average prostate motion for the supine 

position as observed in these studies, then these data can be incorporated into 

the margin needed to account for positioning variations. In Table 6, an example 

of the calculation of margins is given: the SDs for prostate motion and those for 

positioning variations in the respective directions, as observed in the present 

study, have been added quadratically, and the 95 % confidence interval (2 SD) 

was chosen to represent a safe margin. Table 6 shows margins to account for 

positioning inaccuracies as found in the present study, and the reduction of the 

size of margin which could be obtained in the "ideal" situation in which regular 

verification eliminates the systematic variations. 

Table 6. Margins' calculated to account for geometrical inaccuracies in the treatment 
of pelvic fields for urological cancer 

Direction Margin based on Margin based on Margin based on 
overall accuracy of overall accuracy and random errors and 

patient position prostate motion prostate motion 

crania-caudal lOmm 11 mm 9mm 

media-lateral 7mm 7mm 6mm 

ventro-dorsal lOmm 14mm 12 mm 

The margin is defined as the 95% confidence interval (2 SD). Standard deviations 
(SD) for positioning accuracy and prostate motion have been added quadratically 
and rounded off to integral rum. 

Roach et at. (100) calculated margins to account for setup variations and organ 
motion as well. In a theoretical patient, treated with a six-field conformal 

technique, margins for all six field directions were calculated using data on 
positioning variations, organ motion, and extracapsular extension in the 

respective directions. Using this sophisticated approach, margins ranging from 
0.75 - 2.25 cm were required to ensure adequate coverage of the target volume 

while minimizing the volume of normal tissues irradiated. From studies as these 
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it is clear that in situations where the tightest possible margins are chosen (as in 
conformal therapy), the size of the margin should be based on positioning 

studies, performed in the same institution, to prevent marginal misses. 

Large pelvic fields for gynecological GaliceI' 
The large SDs (6.3 and 6.9 nun) for patient position in the cranio-caudal 

direction were considered unacceptable. This finding, and the fact that 

systematic shifts of the treatment field had occurred mostly in the cranial 

direction, while the caudal field border is the most critical anatomical edge, 

prompted a search for the cause of these deviations. It was concluded that in this 

positioning technique the vertical pin (which is pushed against the pubic bone) 

was the only factor determining the cranio-caudal orientation of the patient. As 

this pushing of the pin is uncomfortable for the patients, especially in the second 

half of the treatment series, radiotherapy technicians may feel somewhat 

awkward using it. As a result, the pressure applied is susceptible to variations in 

use by different technicians and to variations over the treatment weeks. A pilot 
study was carried out to determine if the technique could be improved by 

drawing transverse skin markings over the iliac spine on both sides and placing 
a tattoo over the sternum, and using these markings for cranio-caudal field 

orientation instead of the pin. However, this pilot study yielded essentially the 
same results as the previous study (results not shown). Combining these findings 

and the results of De Neve et al. (28), who found a significantly higher accuracy 

for a positioning technique in which a longitudinal laser line and the lower field 

border were matched, a second pilot study was set up. Four patients were 

positioned without the special device using long laser lines and marking of the 
caudal field border. This study group was compared with a group of 4 patients 

treated on the same accelerator using the traditional positioning technique. 
Preliminary data of this study showed the new positioning technique to be much 

more reliable (results not shown). For this reason a larger follow-up study was 

carried out testing the accuracy of this new positioning technique. The position 

of the patients in the cranio-caudal direction was shown to be more accurate. 

Immobilization 
The question of to what extent immobilization of patients contributes to the setup 

accuracy has been addressed by several authors. Soffen et al. (107) compared 
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setup accuracy in 7 prostate cancer patients, immobilized with alpha cradle body 
casts, to that in a matched control group who were not casted. The median daily 

error for the casted group was 1 mm, while it was 3 mm for the noncasted 

group. The 10% largest daily variations were eliminated using the cast. 

Rosenthal et al. (102) compared two groups of 11 prostate cancer patients: one 

group was treated with alpha cradle immobilization, the other was not 

immobilized. The mean ± 1 SD of the simulation to treatment variability was 

4 mm ± 2.6 mm using immobilization, compared to 6 mm ± 4.5 mm without 

immobilization. Mitine et al. (87), however, comparing 6 patients treated 
without immobilization in the supine position to 12 patients in alpha cradle casts, 

6 supine and 6 prone, observed a similar accuracy for the lateral direction and 
an improved accuracy for the cranio-caudal direction in the supine group when 

alpha cradle casts were used, but worse results in the group treated in the prone 

position in the alpha cradle cast as compared to the supine group without 

immobilization. It is extremely difficult to compare these results to each other 
and to our results. Different treatment techniques (six-field, four-field and three

field) have been used, often a single measurement has been performed in each 

direction, and results have been presented in very different ways. Taking the 

percentage of SIM-MV differences ,,:; 1 cm as a measure of setup accuracy, 
then alpha cradle casts seem to be increasing precision (98 % vs. 85 % in the 

study by Rosenthal et al. (102) and 100% vs. some 96% in the analysis of 

Soffen et al. (107)). In our study, 10% of urological cancer patients showed 

errors ~ 1 cm, which was reduced to a minimum of 1 % using the verification 
and correction procedure on a routine basis. For the gynecological fields, 

accuracy obviously was worse, which is a common finding. Positioning accuracy 

diminishes with increasing patient weight (28,46,99). The field center is located 

in an area susceptible to movement (respiration, loose abdominal wall) and 

aligmnent often proves to be difficult. The immobilization system as traditionally 

used in our institute, using bony structures for set up, did not result in an 
acceptable setup accuracy. The use of the caudal field border as the most 

important parameter for aligmnent did result in an improvement in accuracy. 
This field border is located in the pubic area, which is much less susceptible to 

variations and is thus much easier to reproduce. Using alpha cradle casts in 

these patients might lead to further improvements in accuracy; this will be the 
subject of a future study. 
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The increased use of megavolt imaging and the results of positioning studies 

have focused attention on positioning accuracy and its relevance for the choice 

of margins. However, the studies have also raised the issue of how to implement 

their ftndings in clinical practice. Should we perform on-line veriftcation of all 

ftelds on all patients and set limits of tolerance which technOlogists can use when 
deciding to irradiate or to adjust? Is it worthwhile to try and correct all random 

errors and accidental mistakes? At present, at most institutions, a veriftcation 
system is operational on the accelerators which, if used with narrow tolerance 

settings, will prevent a large number of the accidental errors. For example, the 

interchanges of fteld length and width found in our study would have been 

prevented if the veriftcation system had been operational at that time. Correction 

of all random errors would require continuous on-line veriftcation. Setup 

corrections are time consuming and disturbing both for technologists and 
patients. In daily clinical practice, the number of corrections should be kept as 

small as possible. It seems therefore, to be far more effIcient to obtain 

knowledge of the magnitude of random errors for the various treatment 

techniques at each institution by means of positioning studies like the present 
one, and to improve positioning techniques if large random errors are found. 

The margin to be added around the clinical target volume to compensate for 
inaccuracies in patient setup can thus be chosen on the basis of the magnitude of 

random variations observed. Then, efforts can be concentrated on detecting and 

correcting systematic errors early in the treatment series. 
Through analysis of a number of megavolt images obtained during the fust 

week(s) of treatment, it can be determined early in the treatment series whether 
a systematic error is present. Correction is then only applied if the displacement 

(averaged over the measurements made so far) exceeds an action level, which is 

decreased at each subsequent measurement. In this way, correction of random 

deviations, which would result in further errors, is prevented. A veriftcation and 

correction procedure developed by Bijhold et al. (15) and Bel et al. (14) is 

presently being used by a Netherlands collaborating group for megavolt 
imaging, and tested in daily practice in three radiotherapy centers. Data from 

previous positioning studies in pelvic irradiation for urological cancer, carried 

out in each of the centers, have been used to choose the number of megavolt 
images to be taken and to set action levels for each center. The results of the 

fust series of patients treated in our institution using this veriftcation and 
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correction procedure shows promising results (Fig. 3). To determine if such a 

protocol does consistently reduce error rates and if the workload is acceptable in 

daily practice in busy radiotherapy departments, the combined results from a 

large number of patients will be presented in a joint publication. 

In conclusion, the present study on positioning accuracy in irradiation of small 
and large pelvic fields showed larger errors than was expected. Positioning 

techniques were improved and checked again for their accuracy. Margins to be 
taken around the clinical target volume to account for geometrical inaccuracies 

should be based on the results of positioning studies carried out in the same 

institution. Verification and correction protocols will be increasingly important, 

especially in conformal therapy. 
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Abstract 

Purpose 
(Antoni 

To investigate in three institutions, The Netherlands Cancer Institute 

van Leeuwenhoek Huis [AvL]) , Daniel den Hoed Cancer Center 

(DDHCC), and Dr. Bernard Verbeeten Institute (BVI), how much the patient setup 

accuracy for irradiation of prostate cancer can be improved by an offline setup 

verification and correction procedure, using portal imaging. 

Methods alld Materials The verification procedure consisted of two stages. During 

the first stage, setup deviations were measured during a number (N.",J of 

consecutive initial treatment sessions. The length of the average threedimensional 

(3D) setup deviation vector was compared with an action level for corrections, 

which shrunk with the number of setup measurements. After a correction was 

applied, N"", measurements had to be perfonned again. Each institution chose dif

ferent values for the initial action level (6, 9, and 10 mm) and N.rux (2 and 4). The 

choice of these parameters was based on a simulation of the procedure, using as 

input preestimated values of random and systematic deviations in each institution. 

During the second stage of the procedure, with weekly setup measurements, the 

AvL used a different criterion ("outlier detection") for corrective actions than the 

DDHCC and the BVI ("sliding average"). After each correction the first stage of 

the procedure was restarted. The procedure was tested for 151 patients (62 in the 

AvL, 47 in the DDHCC, and 42 in the BV!) treated for prostate carcinoma. 

Treatment techniques and portal image acquisition and analysis were different in 

each institution. 

Results The actual distributions of random and systematic deviations without 

corrections were estimated by eliminating the effect of the corrections. The 

percentage of mean (systematic) 3D deviations larger than 5 mm was 26% for the 

AvL and the DDHCC, and 36% for the BV!. The setup accuracy after application 

of the procedure was considerably improved (percentage of mean 3D deviations 

larger than 5 mm was 1.6% in the AvL and 0% in the DDHCC and BV!), in 

agreement with the results of the simulation. The number of corrections (about 0.7 

on the average per patient) was not larger than predicted. 

COllclusioll The verification procedure appeared to be feasible in the three 

institutions and enabled a significant reduction of mean 3D setup deviations. The 

computer simulation of the procedure proved to be a useful tool, because it enabled 

an accurate prediction of the setup accuracy and the required number of corrections. 
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Introduction 

Electronic portal imaging devices (EPIDs) are increasingly used in clinical 
practice to improve setup accuracy. In comparison with portal films, acquisition 

is faster and the evaluation is greatly facilitated by using computerized analysis 

methods (40,41,118). 

Portal image analysis has shown that both the systematic and the random 

component of the setup deviation during a treatment session are important 

(15,46,56,97). In principle, both components can be corrected by using online 

setup verification procedures with decisions on corrective actions taken during 

each treatment session. Recently, results of various online setup verification 

procedures were reported (29,35,38). These reports showed that online 

procedures would involve a considerable workload. 
Online procedures are possibly not required when random deviations are small. 

In this case, an offline procedure can be used, to correct systematic deviations 

only. Random deviations can be incorporated as a small margin around the 

clinical target volume, with the magnitude of the margin depending on the 
standard deviation (SO) of the distribution of random deviations (115). A 

difficulty with offline procedures is, however, that each measured setup 

deviation is the sum of a random and the systematic deviation. When and how 

corrective actions should be performed is not obvious and criteria for 
performing corrections are still a subject of discussion (66,86,103,105). 

Recently, some theoretical procedures were proposed to deal with this problem 
(14,30,105,134), but until now there have been no reports available about the 

clinical results of one of these procedures. 

In an earlier paper (14) we described an offline procedure, using a shrinking 

action level, which could be adapted to various clinical conditions. This 
procedure aimed at reducing systematic deviations as much as possible. A 

computer simulation of the procedure was performed, in which parameters of 

the procedure were varied. To enable the simulation, a preestimate of the 

distribution of systematic and random deviations was required. As output, the 

resulting setup accuracy was provided as a function of the required number of 

portal images and setup corrections. It turned out that, for a specific level of 
accuracy, a compromise had to be made between the number of portal images 
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and corrections. Hence, different institutions could make different choices for 

the parameters of the procedure depending on their specific demands. 

The aim of this study was to investigate in three different institutions whether 

an offline three dimensional (3D) setup verification procedure is feasible in 

clinical practice, whether the procedure is efficient in reducing systematic 

deviations, and whether the improvement of patient setup accuracy could be 

predicted by a simulation of the setup verification procedure (14), using 

preestimated distributions of random and mean (systematic) deviations. 

Methods and Materials 

Three institutions in The Netherlands were involved in this study, i.e. The 
Netherlands Cancer Insti'Jte (Antoni van Leeuwenhoek Huis) in Amsterdam 

(AvL), the Daniel den Hoed Cancer Center in Rotterdam (DDHCC) and the Dr. 

Bernard Verbeeten Institute in Tilburg (BVI). Parameters will be labeled with 

AvL, DDHCC, or BVI for the corresponding institution. The study started 
January, 1993 in the AvL; December, 1993 in the DDHCC and January, 1994 

in the BVI, and ended November, 1994. 

Patients and treatmelll 
The patients in this study were treated for prostate carcinoma. The total number 

of patients involved in the evaluation of the verification procedure was 151 with 
62 patients in the AvL, 47 patients in the DDHCC, and 42 patients in the BV!. 

Treattnent preparation was similar in the three institutions. A computed 

tomography (CT) scan of the pelvic region was performed and the patient's skin 

was tattooed (marked in the DDHCC) to indicate a tentative isocenter. During 
treattnent planning, a new isocenter was defmed by a 3D shift with respect to 

the tentative isocenter, when necessary. In the BVI, the vertical position of the 

new isocenter was defined with respect to the treatment room coordinate system, 

taking into consideration the estimated bending of the treatment table. 

During the subsequent treattnent simulation, lines were drawn on the skin to 

mark the definitive isocenter, in the AvL and the DDHCC. In the BVI, 

asymmetric collimator settings andlor table shifts with respect to the tattooed 

tentative isocenter were used for correct positioning. 
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On the treatment machine, patients were positioned by aligning the lines, drawn 

during the simulation, with laser beams in the three main directions, in the AvL 

and the DDHCC. In the BVI, the tattoos (indicating the tentative isocenter) were 
aligned with laser beams in the horizontal plane only. Subsequently, the table 

height was adapted, using the calculated position of the isocenter with respect to 
the table, thus defining the origin for the subsequent procedure. In some 

patients, a change of the tentative isocenter was required in the horizontal plane; 

in these cases, a prescribed translation of the table was performed, relative to 

this origin. 

The treatment techniques were different for the three institutions (Table 1). In 

the AvL, the conformal simultaneous boost technique (67) was applied with 

three orthogonal fields (8 MV). In the DDHCC, the gantry angle for the left 

lateral field ranged between 90° and 105° and for the right lateral field between 
255° and 270°. In this institution, about half the number of patients were treated 

with rectangular fields (the majority with 25 MV), the other half treated with 

conformal fields (25 MV), defined by a multileaf collimator. In the BVI, a four

field box technique with rectangular fields was applied (10 MV). In the lateral 
fields, the collimator was rotated (collinlator angle usually between 0° and 30°) 

to obtain a maximal sparing of the rectum. 

Table 1. The treatment techniques, imaged fields and imaging systems of the 
three institutions 

Institution 

Trealmem technique 

Fields 

Wedges 

Number of fractions 

Portal images 

Imaged fields 

Imaging system 

AvL 

Three fields 
(AP and two lateral) 

Lateral fields 

35 

All fields 

Varian Portal Vision 

DDHCC BV! 

Three fields Four fields 
(AP and two (AP, PA and two 

lateral oblique) lateral) 

lateral fields Not used 

33 35 

All fields AP and left lateral 

Philips SRI 100 General Electric 
Target view 
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Portal image acquisition and analysis 
In total, 4497 portal images were analyzed (2019 in the AvL, 1462 in the 

DDHCC and 1016 in the BYI). In the AvL and the DDHCC, all fields of a 

treatment session were imaged. In the BYI, portal images were made of the 

anterior-posterior (AP) and left lateral field only. The three institutions had 

different types of electronic portal imaging devices (Table 1) and used different 

methods of itnage analysis. 

In the AvL, a portal itnaging device' was used which was based on a matrix of 

ionization chambers (120). Digitally reconstructed radiographs (DRRs) were 
made during the planning and used as reference images (12). The DRRs and the 

corresponding field outlines were imported into the portal image analysis system 
(118). On this reference image, a drawing of the bony anatomy was made. In 

the portal image, the field edges and the bony anatomy were detected and 

matched to the reference drawings automatically (40,41) and corrected manually 

when necessary. The accuracy of this method was estimated to be about 0.7 mm 
(1 SD) for the caudal-cranial direction in both the AP and lateral fields. For the 

left-right direction in the AP field and the ventro-dorsal direction in the lateral 

field, the accuracy was estimated to be 0.3 mm and 1.0 mm (1 SD), respectively 

(41). 

In the DDHCC a camera based portal imaging device' (123) was applied. The 

digitized simulator film was used as reference. Anatomical landmarks were 
indicated on the reference image and on the portal image and a landmark match 

of both images was performed. This match method was estimated to be accurate 
within 1 mm (1 SD). 

A camera based portal imaging system' (88) was also used in the BYI. The 
digitized simulator film served as reference image. The procedure for the 

analysis of portal images was very sitnilar to the procedure used in the AvL; the 

only difference was that the anatomy in the portal image was delineated and 

matched by entirely manual techniques. The method was estimated to be equally 

accurate as in the AvL, with the exception of measurements in the lateral fields. 

7 Varian Portal ViSion, Varian Radiation Division, Palo Alto, CA. 

, Philips SRI 100, Philips Medical Systems Radiotherapy, Crawley, West Sussex, UK. 

9 General Electric Targetview, General Electric, Benelux. 
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Due to the larger interobserver variability (almost all radiotherapy technicians 

performed the anatomy alignment), the accuracy of these measurements was 

estimated to be within 1 mm (1 SD) for both directions. 

3D setup deviations 
In a previous study, it was shown that for prostate treatments, deviations in a 

particular direction, as measured in more than one field of a treatment session, 
were sufficiently correlated to allow the calculation of one single 3D setup 

deviation vector (15). By computing the average deviation in a particular 
direction, the effect of the measurement error is reduced. The three main 

directions are denoted by X, Y, and Z, with the X axis corresponding to the 
left-right direction, the Y axis corresponding to the caudal-cranial direction, and 

the Z axis corresponding to the dorsal-ventral direction. 
For the AvL, images were acquired for the three treatment fields: the AP, left 

lateral (LL), and right lateral (RL) field. For the X component of the 3D setup 

deviation vector, only the deviation from the AP field was available, XAP. The 
deviation in the Y direction was taken to be equal to the average of the 

Y deviations in the three fields, (YAP + YRL + YLL)/3. The deviation in the 

Z direction was taken from the deviations along this axis of the two lateral 

fields, C4L + ZLJ!2. For the DDHCC, where three fields were also imaged, 

the same procedures were applied for the X and Y direction. The deviation in 

the Z direction was computed as ([Z sin( -r)lRL + [Z sin rlLJ/2, with r being 
equal to the gantry angle of the lateral fields. 

In the BVI, four fields were given but only portal images of the AP and the left 

lateral fields were acquired. The average of the deviations in the Y direction was 

calculated as (2YAP + YRJ/3, thus taking the interobserver variability into 

account because the variability in the AP field was smaller than in the lateral 

field. The deviations along the X and Z directions were inferred from the AP 

and right lateral field, respectively, without calculation of an average. 

First stage of the verification procedure 
The first stage of the verification procedure was a 3D extension of the one 

dimensional (1D) verification procedure with a shrinking action level described 
previously (14). Only translational setup errors were considered. Rotational 
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errors were not considered in the procedure, because it has been shown in 

earlier studies that they are small for prostate treatments (15,119). 

At the beginning of the treatment, during Nm~ consecutive treatment sessions, 
portal images were obtained. Of each treatment session, the 3D setup deviation 

was calculated (a measurelllelll). After each measurement, the length of the 

average vector of the 3D setup deviation vectors over the first N measurements, 

Id".1 = 1 (itS,z) I, was calculated. The length of this average vector was 
tested against an action level (J./.JN, where (J. is the parameter indicating the 

initial action level. When 1 d", 1 was larger than the action level, a setup 

correction was performed (Le., the patient was repositioned during the next 
treatment sessions by moving the isocenter over the average deviation in the 

three directions). After each correction, the calculation of the average vector 

was restarted and Nm" measurements had to be performed again. When a 
component of the required correction was smaller than a specific value, the 

correction was not applied in that direction. This value depended on the method 

of setup correction and was equal to 3 mm for the Av Land 2 mm for the 
DDHCC and the BVI. 

To determine for each institution values for the parameters Nm" and (J., a 

computer simulation of the procedure was performed, simulating the treatment 
of 10,000 patients. The simulation required as input a preestimate of the 

standard deviation uP" of the distribution of random deviations. Random· 

deviations were assumed to be equal for different patients (15). A preestimate of 

the distribution of systematic deviations without corrections, Witll a standard 

deviation Ep,,' was also needed to determine the expected workload. These data 

were obtained from earlier portal imaging studies in the three institutions 

(Table 2) (15,23,126). Both the systematic and random deviations were assumed 

to be normally distributed in the three directions. No correlations were assumed 

to exist between deviations in the three directions and the overall means were 
assumed to be equal to zero. 

For each patient in the simulation, the vector length of the mean of the three 

directions, the mean 3D deviation, was calculated. All setup deviations were 

taken into account in this mean 3D deviation, irrespective of setup corrections. 

For each institution, the percentage of mean 3D deviations larger than 5 mm 
was plotted against the average number of measurements and corrections per 

patient (Fig. 1) for varying values of (J. and Nm". All institutions aimed at a 
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reduction of mean 3D deviations larger than 5 mm to about 5% or less. To 

obtain this level of setup accuracy, a compromise had to be made between the 

number of measurements and corrections. The graphs of Fig. 1 enabled each 

institution to make a choice for the parameters which was optimal for their 

situation. 

As can be seen in Fig. 1, the desired level of setup accuracy was preestimated 

for the AvL with the parameter values NA,Lm" = 2 and lXA,L = 6 nun, resulting 

in 1.2% of the mean 3D deviations larger than 5 mm (Table 3). 

Table 2. Preestimates of the standard deviation of the distribution of random (u,,,) 
and mean (systematic) (E,,,) deviations in each institution, which were used as 
input for the computer simulation of the verification procedure (Fig. I) 

Institution 

Preesfimated distributions 

Authors 

Up<' (mm) 

).;pre (mm) 

Verificalioll procedure 

Firsl slage 

IX (mm) 

Secolld slage (weekly) 

AvL 

Bijhold 
el al. (15) 

2 

2 

6 

2 

Outlier 
detection 

DDHCC 

Creutzberg 
el al. (23) 

2 

3 

9 

4 

Sliding 
average 

BV! 

Vas 
el al. (126) 

2.5 

3 

10 

4 

Sliding 
average 

The standard deviations were assumed to be equal in the three directions. The 
overall mean was assumed to be zero for all distributions. The parameter values for 
the first stage of the procedure are the initial action level lX and the number of 
measurements that had to be performed at the start of the treatment or after a setup 
correction, Nma,. During the second stage of the verification procedure, after 
finishing the first stage, different decision criteria were used in the three institutions. 
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Simulation of the first stage of the procedure. The setup accuracy. expressed as the percentage 
of meall 3D deviatiolls larger thall 5 1II1ll, P(meall 3D > 5 mm), is plotted agai1/st the average 
mill/bel' of correctiolls (a) alld measuremellls (b) per patient. The illitial action level ex alld the 
!lumber of measuremellls, ~Im' that had to be peiformed at the start of the tl'eatmelll or after 
each correction, were varied. TIle value of Nrmx is indicated lIear each point ill the graph. 
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In the DDHCC and the BVI, the setp accuracy without corrections was 

estimated to be lower than in the Av L and more measurements had to be 

performed to obtain the desired level of setup accuracy. Parameter values 

NDDHCC mn = N
BVl

m" = 4 with initial action levels aDDHCC = 9 mm and 

a nVI = 10 mm were chosen in the DDHCC and the BVI, respectively, resulting 

in 2.4 and 5.6% of the mean 3D deviations larger than 5 mm (Fig. 1 and 

Table 3), respectively. For the three institutions, the number of measurements 

and corrections (Fig. 1 and Table 3) were acceptably low. 

Table 3. 111e preestimated setup accuracy without corrections and the results of 
the simulation of both the first stage of the verification procedure and the total 
verification procedure 

Institution AvL DDHCC BY] 

Number of mean 3D deviations 
> 5 11/11/ (%) 

Without corrections 10.0 42.7 42.7 

First stage of procedure 1.2 2.4 5.6 

Total procedure 0.9 0.5 0.9 

Average lIumber of measurements 
per patiellt 

First stage of procedure 3.2 5.7 5.S 

Total procedure 10.7 12.1 13.4 

Average 1lumber of corrections 
per patient 

First stage of procedure O.S 0.7 0.7 

Total procedure 1.1 O.S O.S 

As input for this simulation, the preestimated distributions of random and mean 
(systematic) deviations were used (Table 2). As a measure of the setup accuracy, the 
percentage of mean 3D deviations larger than 5 mm was used. The resulting 
workload was quantified by the average number of measurements and corrections per 
patient. 
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Second stage of the verification procedure 
When during Nm" consecutive treatment sessions no setup corrections were 
required, the first stage of the verification procedure was finished (14). This first 

stage was extended with a second stage to deal with large setup deviations that 

may arise during the course of the treatment. The cause of these deviations is 
yet unknown, but they can possibly be described as drifts, linear in time (34). 

Two different strategies for the second stage of the verification procedure were 

adopted. Both methods were based on a weekly check after the first stage of the 
procedure. 

In the Av L, it was tested after each weekly measurement if the vector length 

was outside the initial action level (aA'L = 6 mm) and if one of the components 
of the vector was more than 5 nun different from the last calculated average. If 
both conditions were fulfilled, an "outlier" was detected and the calculation of 

I d", I was restarted. The next day, a new measurement was performed and the 

average of the last two measurements was tested against the corresponding 
action level (aA,./V2 = 4.2 mm). 

For the DDHCC and the BVI, a sliding average method was used (105,126). 

After each weekly measurement, the vector length of the average of the last four 

measurements was calculated and tested against the lowest action level (i.e., 

4.5 mm and 5 mm, respectively). Corrections were applied if this action level 

was exceeded. For all three institutions, the first stage of the verification 

procedure was restarted when a correction was required, otherwise the 

procedure continued with weekly measurements. 

Both methods were also sinmlated with the corresponding preestimated data of 

the institutions as input and the already chosen parameter combinations for a 
and Nm",. Due to the lack of a model for gradual trends or sudden shifts in the 

setup during treatment, these errors could not be taken into account in the 
simulation. However, during the second stage of the verification procedure, 

random variations and remaining systematic deviations resulted in additional 
corrections in the simulation without occurrence of "real" gradual trends or 

sudden shifts of the setup. The simulation showed that these corrections resulted 

in a further substantial reduction of large mean 3D deviations (Table 3) 

compared with the first stage of the procedure. 
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Implementation of the procedure 
In the three institutions, portal image acquisition and analysis were performed by 

the technicians. In the AvL and the DDHCC, the portal images were analyzed 

usually a few hours after the treatment session. In the BYI, the analysis was 

performed during the irradiation with the AP and RL fields, from which no 
portal images were acquired. The time required for analysis of the portal images 

of a treatment session was about 2-10 min. After matching the portal images 

with the reference images, the computer displayed decisions on corrective 

actions. In the AvL, the responsible physician checked and approved each setup 
correction. In the other two institutions, the DDHCC and the BYI, the 

technicians applied corrections of the patient setup, without consultation of a 
physician. 

Setup corrections were implemented differently in the three institutions. In the 

AvL, new lines were drawn on the patient's skin and patients were aligned with 

these new lines. In the DDHCC, no new lines were drawn. When a correction 
was required, the patient was positioned using the original lines drawn during 

simulation and subsequently, the table was shifted according to the magnitude of 

the required correction. In the BVI, table shifts were already performed rather 

routinely during the treatment as a result of a change of the tentative isocenter 

during the planning. The overall correction was performed by moving the table 

over a distance equal to the sum of the setup correction and the already 

prescribed table movement. The setup correction procedure in the AvL resulted 

in a slight increase in the time (2-4 min) of that treatment session. In the two 
other institutions, the time of a treatment session was hardly prolonged due to 
setup corrections. 

Allalysis 
An analysis of the data was performed to study the effect of the actual 

effectiveness of the verification procedure. The actual distribution of mean 
(systematic) deviations without corrections and the actual distributions of mean 

deviations after the first and second stage of the procedure were calculated. 
These last two distributions and the number of corrections and measurements 

were compared with the results of the simulation (using preestimated 

distributions) to evaluate the value of the simulation itself. 
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Structure of setup deviations without the verification procedure. To estimate the 

actual effect of the setup verification procedure, the setup deviations without the 

application of the verification procedure were estimated. The actual distribution 

of mean (systematic) deviations without corrections (SD denoted by E"J was 
estimated for each direction by eliminating the effect of the setup corrections, 

both in the first and the second stage of the procedure. After each correction, 

the magnitude of that correction was added to the subsequent deviations. This 

distribution was tested for being normal, because a normal distribution was used 

in the simulation. 

For a patient, for whom the setup was corrected, the variances of the 

distribution of random deviations before and after each correction were 

calculated for each direction. Subsequently, the weighted average of these 

variances was calculated for each direction, resulting in the variance of the 

distribution of random deviations for this patient, at. The variance of the 

distribution of random deviations for patients for which no corrections were 

applied, was defined in the usual way, at= 1: 7 ~1(Xj - x2/(N - I), with Xj a 

measured setup deviation in one of the three directions. The variance of the 

actual distribution of random deviations of the whole patient group, u;", was 

computed by subsequently taking the average of the variances of all patients. In 
the simulation, the preestimates of the distributions of random deviations were 

assumed to be normal with an SD which was assumed to be equal for each 
patient. Both assumptions were tested for all patients. 

In the simulation, no time dependent gradual trends or sudden shifts of the 

setup during treatment were assumed. The occurrence of trends was studied by 
performing a linear fit of the deviations in three directions with time. Each slope 

was tested for being significantly different from zero. -A detailed analysis of 

trends is presented in the appendix. 

First stage of the verification procedure. The evaluation of the first stage of the 
procedure was confined to a test of the validity of the computer simulation, 

which served as a basis for the choice of the procedure parameters (Fig. 1). The 
effects of corrections during the second stage of me procedure were eliminated. 

The setup accuracy after application of the first stage of the procedure was 
subsequently determined by computing for each patient the mean 3D setup 

deviation. The resulting actual distribution of mean 3D deviations after the 

application of the first stage of the procedure was tested for being significantly 
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different from the corresponding preestimated distributions. Without corrections, 

these deviations are distributed as a X' distribution and after the application of 

the procedure the tail of the distribution is cut off. In addition, the average 
number of measurements and corrections per patient during the first stage was 

determined and compared with the results of the simulation. 

Total verification procedure. The total procedure, consisting of the first and 

second stage, was analyzed along the same lines as the first stage of the 

procedure. The actual distribution of mean 3D deviations and the average 

number of measurements and corrections per patient after application of the total 

procedure were calculated and compared with the results of the simulation. 

An individual patient setup with an SD of the distribution of random deviations 

(a), which is largerthan the standard deviation of the total group (u".) can lead 
to repeated setup corrections for this patient (14). Therefore, it was tested 

whether setups of individual patients with relatively large or small random 

deviations were significantly more or less corrected than the setups of the total 

group. 

Statistical procedures. Several statistical tests were used to determine the 

significance of the difference between various quantities. The significance of the 

difference between the actual distribution of mean 3D deviations and the 

corresponding preestimated distribution, as derived from the simulation, was 

calculated by using the Kolmogorov-Smirnov (K-S) test (94). An F-test was used 

to determine whether the SD of the distribution of the random deviations of 
individual patients was significantly different from the SD of the actual 

distribution of the whole group. 
A Monte Carlo simulation (94) was used to determine confidence levels of 

various quantities. This method is especially useful when a quantity is calculated 
from a distribution of measurements which is not normal, as with, for instance, 

the average of all setup deviations of all patients after application of corrections. 
The Monte Carlo simulation consists of the creation of an artificial "result", 

generated by randomly choosing data from the distribution of measurements. 
This procedure is repeated (10,000 times), resulting in a frequency distribution 

of the calculated quantity. Subsequently, the confidence levels of the calculated 

quantity can be determined. 

This Monte Carlo simulation was used to determine whether the overall means 
(the average overall deviations of all patients) were significantly different from 
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zero and to test whether the preestimated and actual percentage of mean 30 

deviations larger than 5 mm were significantly different. A Monte Carlo 

simulation was performed on the patient data to test the significance of 

differences between the average number of measurements and corrections per 

patient according to the actual patient data and the simulation. Finally, the 

method was used to test whether the slopes, after fitting the deviations with time 

(see appendix), were significantly different from zero. 

Results 

To enable evaluation of effectiveness of the verification procedure, results after 

elimination of the effect of corrections are presented first. Using these results, 

the validity of assumptions of setup deviations statistics, made for the cOll2puter 

simulation (Table 2) can also be tested. Subsequently, we present the evaluation 

of effectiveness of the first stage of the verification procedure in improving the 

setup accuracy, and a comparison with the outcomes of the simulation. Finally, 

such an evaluation and comparison are given for the total procedure, consisting 

of the first and second stages. 

Structure of setup deviations without the verification procedure 
The actual distributions of the mean (systematic) deviations (with SO E",) 

without corrections were estimated (Table 4) by elimination of the effect of 

corrections. Only for the AvL, along the dorsal-ventral axis, was this 

distribution significantly (p = 0.02) different from a normal distribution. For 

none of the institutions were the differences between E", and the corresponding 

preestimated values Ep" (Table 2) significant. 

For the AvL and the BY!, the overall mean (Le., the deviations averaged over 

all treatment setups of all patients), was significantly (p < 0.001) different from 

zero for the caudal-cranial and the dorsal-ventral direction (Table 4). For the 

OOHCC, the overall mean in the left-right direction was significantly 

(p < 0.001) different from zero. These overall means unequal to zero were 

most probably due to small systematic treatment machine inaccuracies. 
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Table 4. The actual distribution of mean (systematic) deviations without 
corrections, calculated by the elimination of the effect of the corrections, with 
the overall means and standard deviations (SDs) 

Institution 

Overall mean (mm) 

Left-right 

Caudal-cranial 

Dorsal-ventral 

SD systematic 0;",) (mm) 

Left-right 

Caudal-cranial 

Dorsal-ventral 

SD random (u,ctl (nun) 

Left-right 

Caudal-cranial 

Dorsal-ventral 

Patients with 0i significantly 
smaller than u," (%) 

Left-right 

Caudal-cranial 

Dorsal-ventral 

For any direction 

Patients with (1j significantly 
larger than u," (%) 

Left-right 

Caudal-cranial 

Dorsal-ventral 

For any direction 

AvL 

0.3 

-0.9 

0.9 

2.4 

2.4 

2.6 

2.0 

1.8 

1.7 

6 

10 

5 

19 

2 

6 

5 

Ii 

DDHCC 

-0.7 

-0.3 

-0.4 

2:9 

2.1 

3.3 

2.1 

2.1 

2.1 

8 

6 

4 

18 

4 

4 

4 

13 

BV! 

-0.3 

1.6 

-1.3 

2.2 

2.7 

3.8 

2.7 

2.1 

2.3 

7 

2 

2 

12 

7 

2 

o 
10 

The standard deviation of the actual distribution of random deviations (u",) for all 
patients was calculated and subsequently, the percentage of patients with a standard 
deviation u; of the individual distribution of random deviations significantly (p < 
0.05) larger or smaller than u,,' was determined. 
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As a result of the overall mean being unequal to zero and because of the 
differences between the preestimated and actual distribution of mean (systematic) 

deviations without corrections, the corresponding distributions of mean 3D 

deviations (Fig. 2) were significantly (p < 0.01) different for the AvL and the 

DDHCC. The differences at the level of 5 mm (Tables 3 and 5) were also 

substantial for the three institutions. 

The SDs of the actual distribution of random deviations, CT", (Table 4), for the 

three institutions were only slightly different from the SDs that were assumed in 

the simulation (Table 2). There were no patients with an actual distribution of 

random deviations significantly different from a normal distribution. It was 

tested whether the SD of the distribution of random deviations of individual 

patients (CT,) along any direction was significantly (p < 0.05) different from CT", 

(Table 4). For patients with CT, significantly larger than CT,,,, this SD was equal to 

3.6 mrn, 3.8 rmn, and 4.4 mrn for the AvL, the DDHCC, and the BVI, 

respectively. One patient (in the AvL) had a value of CT. that was significantly 

larger than CT", in more than one direction. There were no patients with CT, 

significantly larger than CT", in one direction and CT, significantly smaller than CT", 

in another direction. 

Trends in time were analyzed by performing linear fits of the deviations, after 
the elimination of the effect of corrections. In about half the number of patients, 

a significant trend in time was observed (appendix Table AI). For about 20% of 
the patients in the AvL and the DDHCC and 5% of the patients in the BVI, 

these trends would have resulted in a drift of the length of the mean (systematic) 
3D deviation vector of more than 5 mrn during the course of the treatment. 

First stage of the verification procedure 
To test the validity of the simulation (using as input the preestimated 

distributions, Table 2), the actual and preestimated distributions of mean 3D 

deviations after application of the first stage of the procedure were compared. 

No significant differences between these distributions were found for any 

institution. However, at a particular level of the distributions (i.e., the 

probability of mean 3D deviations larger than 5 rmn), a significant difference 

was found for the AvL between the actual value (11.3%, Table 5) and the 
preestimated value (1.2%, Table 3). This was probably caused by the 

underestimation of the actual number of mean (systematic) 3D deviations larger 
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than 5 mm (Table 4) without corrections with respect to the corresponding 

preestimated value (Table 2). 

Table 5. The actual setup accuracy without corrections, after elimination of the 
effect of the corrections, and the results of the first stage of the verification 
procedure and the total verification procedure, consisting of the first and second 
stage 

Institution 

Number of patients 

Number of mean 3D deviations 
> 5 IIlIll (%) 

Without corrections 

First stage of procedure 

Total procedure 

Average number of measurements 
per patiellt 

First stage of procedure 

Total procedure 

Average mmlber of corrections 
per patiellt 

First stage of procedure 

Total procedure 

Total procedure, subgroup with: 

uJ significantly smaller than (Tact 

(1, significantly larger than Clact 

AvL 

62 

25.8 

11.3 

1.6 

2.6 

10.9 

0.4 

0.6 

0.4 

1.4 

DDHCC 

47 

25.5 

2.1 

o 

5.4 

10.4 

0.5 

0.8 

1.1 

1.5 

BV! 

42 

35.7 

4.8 

o 

5.2 

12.1 

0.4 

0.7 

0.6 

1.5 

The setup accuracy was quantified by the percentage of mean 3D deviations larger 
than 5 mm. The workload involved in the application of the procedure was 
quantified by the average number of measurements and corrections per patient. For 
the patients with a standard deviation of the individual distribution of random 
deviations <T, in one or more of the directions significantly (p < 0.05) smaller or 
larger than the standard deviation of the total group <T~" the average number of 
corrections per patient was determined. 
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Fig. 2 

CUlllulative distributions of lIlean 3D deviations. Along the vertical axis, the percellfage of 
deviations larger"tlwll a specific value is plotted against that vallle 011 the horizontal axis. 
Plotted are the preestimated distributions withollt corrections (dashed/dolled line) and the 
preestill/ated distributions after applicatioll of the total verificatioll procedure (dotted lille). 
The actual distributions without corrections and after application of the procedure are given 
by the dashed alld solid lille, respectively. 
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The workload of the first stage of the procedure was evaluated (Table 5). In the 

Av L, the average number of measurements and corrections per patient was 

significantly smaller than that estimated from the simulation (Table 3). For the 

two other institutions, the average number of measurements and corrections per 

patient was also lower than predicted, but only for the BVI the average number 
of corrections per patient was significantly smaller. 

Total verification procedure 
For each institution, the actual distribution of mean 3D deviations, after 

application of both the first and the second stage of the procedure, was 

calculated (Fig. 2, Table 5). For the three institutions there was a major 
improvement with respect to the actual and preestimated distribution of mean 

(systematic) 3D deviations without corrections. The actual distributions of mean 
3D deviations after application of the total procedure did not differ significantly 

from the corresponding preestimated distributions. For the three institutions, the 

actual distributions of mean 3D deviations were similar. In comparison with the 

first stage of the procedure, the percentage of mean 3D deviations larger than 
5 mm was further reduced. In the AvL, 1.6% of the mean 3D deviations was 

larger than 5 mm, and for the DDHCC and the BVI there were no more mean 

3D deviations larger than 5 mm. These results were in agreement with the level 

of setup accuracy as preestimated by the simulation (Table 3). 

The additional average number of corrections per patient during the second 

stage of the procedure (Table 5) agreed with the simulation (Table 3) for the 
three institutions. For the AvL, the total average number of measurements per 

patient during the frrst and the second stage of the procedure agreed Wit/I the 

simulation. In the DDHCC and the BVI, the total average number of 

measurements per patient was significantly smaller than was predicted. In the 

DDHCC, this was merely because the weekly check was not always performed 

consistently. 
It was tested if the number of corrections of the subgroups of patients with 

relatively small or large standard deviations of the distribution of random 
deviations (0";) was different from the number of corrections of the total group. 

The average number of corrections per patient in the subgroup with a small <7, 

(significantly smaller than the SD of the distribution of random deviations (<7".) 

of the whole group) was not significantly smaller than the average number of 
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corrections per patient of the total group (Table 5). On the other hand, for the 

subgroup of patients with a large IT, (significantly larger than IT",), more 

corrections were performed than in the total group (Table 5). For the three 
institutions together, this difference was significant, but for each particular 

institution, the difference could not prove to be significant. 

The application of the procedure reduced the magnitudes of the overall means 

with respect to the calculated magnitudes of the overall means after the 
elimination of the effect of the corrections (Table 4). However, small overall 

means that were significantly different from zero were still present in the AvL in 

the ventral and the caudal direction with magnitudes equal to 0.6 mm and 

0.5 mm, respectively. In the DDHCC, none of the overall means were 
significantly different from zero. In the BVI there was a significant overall mean 

different from zero in the cranial direction, with a magnitude equal to 0.8 mm. 

Discussion 

The offline setup verification procedure resulted in a major improvement of the 
setup accuracy in the three institutions involved in this study. Despite different 

treatment techniques, patient setup procedures, and portal imaging systems in the 

institutions, the same level of accuracy could be obtained by tailoring the 

procedure to the preestimated treatment accuracy without corrections in each 

institution, using a computer simulation. 

By varying the parameters of the computer simulation procedure, each 

institution was able to balance the desired level of accuracy against the required 
number of portal images and setup corrections. The preestimated distributions of 

systematic and random deviations were not precisely equal to the· actual 

distributions in the clinic. However, the resulting setup accuracy did not 

critically depend on such differences in input as discussed in an earlier report 
(14). The resulting setup accuracy was also not critically dependent on the 

occurrence of trends in time. For none of the institutions was the resulting setup 

accuracy significantly different from that expected. 
In the three institutions, the procedure was mainly executed by technicians. 

Decisions on corrective actions were indicated by the computer. Technicians 

appreciated the availability of objective criteria, in contrast to old procedures in 
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which it was up to the subjective interpretation of the responsible physician to 

decide on setup corrections. Due to the computerized acquisition and (partly) 

computerized image analysis, the implementation could be performed without a 

large increase in workload. Especially in the BV!, image analysis was performed 

in a time efficient manner. The images were analyzed in the treatment control 
room after the acquisition of the portal images of two fields, while the patient 

was irradiated with the other fields from which no portal images were acquired. 
In the simulation of the verification procedure it was assumed that the 

distributions of random deviations were equal for different patients. However, 

this study revealed that for about 11 % of the patients the SD of the distribution 

of random deviations in one of the directions was larger than the SD of the 
whole group. Probably due to these large random deviations, the number of 

setup corrections for this subgroup was significantly larger than the number of 

setup corrections of the whole group. To deal with these large random 

deviations in the future, a new estimate of the SD of the random deviations of 
each individual patient (0) can be made after each new setup measurement. 

Subsequently, it can be tested whether iT, is significantly larger than the expected 

value. Possibly unnecessary setup corrections can be prevented by adapting the 

parameters of the verifIcation procedure. For these patients, the procedure can 
be continued with a larger number of setup measurements and a larger initial 

action level (14). In addition, the treatment plan can be adapted. A new 
treatment plan can be made for the remaining treatment sessions, with an 

adapted margin around the clinical target volume. Moreover, the dosimetric 
consequences of the first part of the treatment (with a wrong estimate of the 

margin) should also be considered during such an adaption of the treatment plan. 
A possible further improvement of setup accuracy can be obtained by "fine-

tuning" the procedure. Because, in general, the random deviations are not equal 
in the three directions, the spherical action level can be replaced by an elliptical 

action level, with the main axis of the ellipsoid proportional to the variance of 
the distribution of random deviations in each direction. A' further refinement can 

be obtained by performing corrections with a damping: overcorrection can be 

prevented as much as possible by performing a correction which is not equal to 

the average deviation but which is an optimal estimate of the systematic 
deviation (105). 
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Sudden shifts in the setup during the course of the treatment were not analyzed. 

Consequently, these errors were probably interpreted as trends in time. Although 

there is no clear explanation for these sudden shifts or gradual trends (34) in the 

setup, their occurrence clearly necessitates a verification procedure after the first 

stage of the procedure. Using the strategy in the second stage of the procedure 
of the AvL, with an "outlier" detection, sudden shifts in the setup can be 

detected quickly. On the other hand, gradual trends are better handled by the 
"sliding average" procedure of the DDHCC and the BVI. A promising, more 

general concept for a verification procedure during the second stage of the 

procedure can be derived from Yan et al. (134). In their approach, the setup 
deviation of the next treatment session was predicted. Corrective actions can be 

performed when this deviation is unacceptably large. 

Conclusions 

The offline setup verification procedure resulted in an improvement of patient 

setup accuracy by a major reduction of large systematic deviations, under 
different clinical conditions. The procedure could be implemented in the clinic 

with an acceptably small increase in workload. The resulting setup accuracy and 

the required workload could well be predicted by means of a computer 

simulation. 

Appendix: Trends 

Calculation of trends 
The data after the elimination of the effect of corrections were used to determine 
the occurrence of trends·. To study whether trends occurred at all, the deviations 

in each direction were linearly fitted with time, with the time expressed as the 

number of days since the start of treatment. It was tested whether slopes were 

significantly different from zero by means of a Monte Carlo simulation. The 
consequences of the trends were evaluated by calculating, for patients with a 

significant trend in one or more directions, the difference between the length of 
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the 3D setup deviation vector at the start and at the end of the treatment (3D 
drift). 

The distribution of slopes, intersections (or: initial systematic deviations) and 

"time corrected" random deviations were calculated for each direction. For the 
calculation of the distribution of slopes, all slopes were taken into account, 

regardless of whether the slope was significantly different from zero or not. The 

distribution of time corrected random deviations was calculated by eliminating 

the trend (i.e., a factor equal to the slope multiplied by the time was subtracted 

from each setup deviation). The standard deviation of this distribution of time 

corrected random deviations will be smaller than the corresponding standard 

deviation of the actual distribution of random deviations, u,," without trends, 

because trends lead to an overestimate of the random deviations. 

Results 
In the three institutions, in about half the number of patients trends occurred in 

one or more directions, with a slope significantly (p < 0.05) different from zero 

(appendix Table 1). In the AvL, most trends were along the left-right axis, while 

in the BYI most trends were along the dorsal-ventral axis. In the DDHCC, the 

number of significant trends was about equally distributed over the three 

directions. In the AvL and the DDHCC, in about 20% of the patients a trend in 

one of the directions resulted in a drift of the length of the 3D vector that was 
larger than 5 mm (appendix Table 1). In the BVI, only 5% of the patients had 

such a drift. 

The distributions of slopes had standard deviations that were on average equal 

to 0.07 mm/day in the AvL and the BYI. In the DDHCC, the SDs were slightly 
larger, about 0.12 mmfday. There were no preferences of the patients to move 

into a certain direction during the course of treatment, because none of the 
distributions of slopes had a mean that was significantly different from zero. The 

SDs of the distributions of initial systematic and time corrected random 
deviations were slightly smaller than the SDs of the corresponding actual 

distributions of the systematic and random deviations, U,,' and E"" without 
taking trends into account (Table 4). The overall means of the distribution of 

initial systematic deviations were only slightly (less than 0.2 mm) different from 
the overall means calculated without taking trends into account. 
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Table AI. Analysis of linear trends in time, with the number of significant (p < 
0.05) trends and the resulting drift of the length of the 3D vector for patients with 
such a trend 

Institution AvL DDHCC BVI 

Number of significant 
(p < 0.05) trends (%) 

Left-right 31 19 19 

Callda/~craliial 27 21 17 

Dorsal-ventral 11 19 31 

Ally direction 53 52 52 

Drift during treatment> 5 111m 19 21 5 

SD 01/ slopes (1(j2mm100:t) 

Left-right 7.1 12.1 7.5 

Caudal·cranial 6.4 12.2 4.7 

Dorsal~ventral 6.0 11.3 6.8 

SD initial systematic (mill) 

Left-right 2.0 2.8 2.1 

Caudal-cranial 2.0 2.6 2.6 

Dorsal~ventral 2.5 2.8 3.6 

SD random (mill) 

Left-right 1.9 2.1 2.6 

Caudal-cranial 1.8 1.9 2.1 

Dorsal~ventral 1.5 1.9 2.0 

The standard deviation (SD) of the distribution of all slopes was calculated. The SD 
of the distribution of initial systematic and random deviations, was also calculated 
(comparable with the SD of the distribution of systematic and random deviations, 
E~, and IT"" calculated without taking trends into account (Table 4». 
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The past 10 years have shown a surge of activity and energy spent on 

developing and introducing the various electronic portal imaging devices (EPID) 

(18,104). The physical characterization of the EPIDs and the development of 

software tools for image acquisition, contrast enhancement and image 

comparison preceded their introduction into clinical practice. Studies on patient 
positioning for the various treatment sites were carried out in order to assess the 

accuracy achieved when using common positioning and fixation techniques in 
routine clinical practice. Sometimes, unexpected large variations were found, 

which necessitated a revision of the positioning technique used. Multiple factors 

acted together to cause an increasing number of patient positioning studies for 

various treatment sites: the fact that actual daily positioning could now be 
evaluated, the general interest in quality assurance, the growing awareness of the 

concepts of conformal therapy and of the rational basis of the choice of margin 

size, and the design of treatment schedules testing altered fractionation andlor 

dose escalation. 

6.1. Patient positioning studies 

6.1.1. Patient positioning ill mantle fields 
The first of the quality control studies described in this thesis was carried out 
using megavolt film, with its limitations in image enhancement and comparison 

tools. In this study on patient positioning in mantle field irradiation (Chapter 2), 
the irradiation of complex fields in patients positioned both supine (for the 

anterior field) and prone (for the posterior field) was analyzed. It was found that 

the prone position yielded larger errors than the supine position. The overall 

incidence of errors > 1 cm was 8 %, which was modest in comparison to 

reported error rates for these complex treatment fields. However, for the prone 

treatment position (PA fields) the incidence of errors > 1 cm was 11 %, in 

contrast to 2 % and 5 % for the supine treatment position (lateral and cranio

caudal directions, respectively). Moreover, for the prone position a mean 

4-5 mm systematic cranial shift of the patients was found. As the prone position 

was a source of diminished positioning accuracy and was clearly less 
comfortable for the patients, a positioning technique has presently been 

introduced in which the patient is positioned in the supine position, and the PA 
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treatment field is delivered with the gantry rotating to the posterior position at a 
focus to skin distance of 115 em. Cerrobend blocks, mounted on the head of the 

accelerator, are used for individual shielding. First experiences with this 

technique are satisfactory, both being more comfortable for the patient and more 

time efficient for the radiotherapy technicians. 

6.1.2. Patiellf positioning in tangential breast irradiation 
In the first study which was conducted using the newly developed electronic 

portal imaging device (EPID) , the positioning accuracy in treatment of breast 
cancer patients using tangential fields was evaluated (Chapter 3). The aims were 

to check the accuracy of a common positioning technique, and to compare the 
positioning accuracy obtained with and without a fixation mask. This study 

yielded unexpected high error rates for field size, collimator rotation and block 

position. Whereas the positioning of the patient as such was acceptable, with 

variations of 3.2-4.6 mm (1 SO), the field width and length, the collimator 

rotation and the position of the lung shielding block varied widely. These 
findings provided valuable insight into the inaccuracies in treatment positioning 

which had been caused by the pressures of a very high daily workload on the 

technicians. In their attempts to rapidly position the patient and align the light 
field of the treatment unit to the patient's skin markings, they adjusted field 

width or length and/or rotated the collimator to obtain a visually correct 

alignment. Figure 1 shows an example of such an erroneous positioning. As a 

result of this study, the procedures for patient setup were revised: the treatment 

setup parameters as determined at the simulator were not to be altered at the 

treatment unit, and more extensive skin markings (especially long lateral 
reference lines to prevent rotation) were applied. At the same time, record and 

verify systems were rapidly made operational on all treatment units. One of the 
main conclusions of this study was, that continuous attention to routine, 

seemingly safe positioning techniques is of paramount importance to ensure 

quality control not only in sophisticated, high-dose tight-margin treatment techni

ques but also in the routine practice treating large numbers of patients. 

After completion of this study, several other authors addressed the 

reproducibility of daily positioning in breast cancer. Similar positioning 

variations were found with deviations in the ventrodorsal (VO, or anterior
posterior) direction of 3-4 mm (1 SO) (21,36,73,85,121). Margins of 8-10 mm 
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were shown to be required to cover the breast in 95% of cases (36). The 
provision of additional arm support seemed to improve setup accuracy, 

especially in the cranio-caudal (CC) direction (85,121). Setup variations due to 
respiratory movement were studied by several authors (36,121,129). They found 

that respiration did not change the volume of irradiated breast and lung tissue 

within one treatment fraction significantly. The width of the lung tissue in the 

central plane of the field varied on average 1 mm (1 SD) with a maximum of 

less than 4 mm. Cranio-caudal movement never exceeded 4 mm during quiet 
respiration (121). 

Figure 1 

Simulation image and corresponding megavolt image of a tangential treatmellf field for breast 
cancer. 11lis Was the most extreme case of collimator rotation alld illcreasedfield width. 
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After the protocol revision for patient setup and the introduction of record and 

verify systems on the linacs following the study described in Chapter 3, a 

follow-up study was conducted in 19 breast cancer patients to check if the 

variations for field size and collimator rotation had been reduced, and if the 

accuracy of patient positioning was consistent for the now routine treatment 
position without a mask on the wedge shaped board. Indeed the positioning 

accuracy turned out to be similar to that in the first study (SDs 3.8-4.4 mm for 

the VD direction and 3.1-4.1 mm for the CC direction), while SDs for field 

width and length were reduced and collimator rotation was eliminated. It 

appeared that SDs for the medio-Iateral beam were on average 1 mm lower than 

for the latero-medial beam. Probably this reflects the major source of 

uncertainties in this positioning technique: the position of the ipsilateral arm. 

The lifting of the arm after axillary dissection is for some patients painful 

initially. Small differences in position of this arm may cause movement of the 

skin markings for the lateral beam, which influences field alignment, especially 
in the DDHCCIO treatment technique using a fixed source-skin distance. The 

use of an improved arm support (85,121), and of an isocentric technique, would 
probably eliminate this difference in accuracy between the beams. 

6.1.3. Patient positiollillg ill pelvicjields 

Chapter 4 comprises studies on patient positioning in urological and 

gynecological pelvic fields. It was shown that a patient positioning technique is 

characterized both by its random and systematic variations. If ralldom variations 

are large, as was initially the case, the positioning technique should be revised 

to minimize these daily variations. It was indeed demonstrated that the results 

improved following changes in the positioning techniques. A certain level of 
random variations (with a SD of 2-2.5 mm for urological fields) remained, 

inherent to the fact that human beings are daily being positioned by human 
beings. These small random variations can be dealt with by taking an 

appropriate margin around the clinical target volume (CTV). Thus, the definition 

of the margin to be taken around the CTV for each treatment site should be 

based on data from positioning studies for the specific site and treatment 

10 University Hospital RotterdamlDaniel den Hoed Cancer Center. 
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technique. In case of large systematic variations, the positioning technique 

should be reviewed in order to identify possible error sources. For example, the 

differences in pressure applied to the so-called pubic pin turned out to be a 

major cause of the systematic variations in the CC direction which had initially 

been found in gynecological cancer patients. More often, however, the 

systematic variations are small for some subsets of patients, and large for others. 

Then the question arises if further irrunobilization would be advisable, or if 

efforts should be directed towards early recognition and correction of these 

systematic errors. 

6.1.4. Verification alld correction procedure 
In Chapter 5 the joint clinical testing by three large radiotherapy centers of a 

verification and correction procedure in the treatment of prostate cancer is 

described. It turned out to be feasible, and readily acceptable, to verify the 

position of the individual patient during four fractions early in the treatment 

series in order to ascertain the systematic setup deviation for that patient. At 
each of these fractions, the position of the patient was calculated off-line and the 

three-dimensional (3D) displacement vector of the isocenter was tested against a 
preset action level. The action level shrunk at each subsequent fraction: by 

averaging the new 3D displacement vector with the preceding vectors, the 

certainty that a displacement was (largely) systematic increased. In the DDHCC 

the action level diminished from 9 mm initially to 4.5 mm after 4 fractions. If at 
one of these initial four fractions the 3D displacement vector exceeded the action 

level for that fraction, the technicians corrected the isocenter position at the 

subsequent treatment fraction. In case of a correction, the verification and 

correction procedure was repeated. If after 4 fractions no correction had been 

applied, weekly checks were performed. This off-line verification and correction 

procedure was rapidly accepted. The incidence of mean (systematic) 3D 

deviations > 5 mm was reduced from 26% to 0%. Prequisites for such. a 

verification and correction procedure are a previously determined, acceptably 

low random error rate and a dedicated group of technicians performing the 

analyses and the corrections. Systematic errors can then be reduced to low levels 
(the magnitude of remaining errors depending on the action level chosen), 

ensuring a reproducible positioning within narrow and known limits. Especially 
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in conformal therapy such a verification and correction procedure has become an 

integral part of treatment protocols. 

6.2. Implications for clinical practice 

Some important questions remain to be resolved. To what extent are the findings 

of these and other studies representative for what can be implemented and 

expected in daily clinical practice? When should off-line verification and 

correction be chosen and when should this be performed on-line? What should 

be the frequency of portal imaging? What are its limitations and pitfalls? 

The pelvis has been the site of study for the large majority of publications on 

portal imaging. The bony pelvis is easily recognizable on portal images, and 

after contrast enhancement, the quality of the images is virtually never a 
problem. Furthermore, it is a site of curative, high dose treatments, and the 

target volume is directly adjacent to sensitive organs (of which the rectum is the 

most important in terms of complication rates and its position close to, and 
partly in, the planning target volume). Prostate cancer is a commonly occuring 

tumor, so patient numbers are large enough to ensure rapid patient accrual into a 

study, and the benefits of improvement are applicable to many patients. Large 

numbers of studies have been carried out analyzing positioning accuracy in 
treatment of prostate cancer, which have been discussed in Chapters 4 and 5. 

This extensive studying of patient positioning in the pelvic region has led to 

various concepts of considerable importance. 

6.2.1. Organ lIIotion 

The use of computed tomography (CT) scans for radiotherapy treatment 

planning enables accurate target volume delineation and tight beam planning. In 

the near future, the combination of CT with magnetic resonance imaging (MRI), 

with Its superior ability to characterize soft tissues and delineate tumor extent, 

may provide further improvements in accuracy of target volume definition 

(63,98). However, during treatment the relative positions of the target (prostate 

gland) and the organs at risk (rectum and bladder) are variable, and susceptible 
to rectum and bladder filling. The more accurate the definition of the target 

volume becomes, and the tighter the margins are taken, the more important this 
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variability is. This stimulated studies on prostate motion. It was found 
(3,9,11,82,101,113,119) that movement of the prostate in the VD direction is 

larger than in the CC direction, whereas lateral movement is insignificant. The 
range of movements reported is 0-10 mm for the VD and CC directions (SDs 

1-4.5 nun), and 0-2 mm for the medio-lateral (ML) direction. The movements 
are mainly limited to the superior part of the prostate and the seminal vesicles, 

and are clearly correlated with rectal filling. Rotations of the prostate around the 

ML axis also occur with rectal filling (119). Prostate movement is to a much 

lesser extent correlated with bladder mling (and then mainly in the prone 

treatment position). Movement of the prostate is also correlated with leg motions 

(119). Initial rectal volume or diameter does not correlate with the degree of 
prostate movement during treatment (11). As these movements can have a 

significant effect on target volume coverage, the findings resulted in 

recommendations for nonuniform margins to take around the prostate 

(92,100,101), in the use of prostate markers (7), and in the incorporation of 

motion uncertainties into the treatment plans (74). Pickett el al. (92) 

recommended that patients should be CT scanned and simulated with their 

rectum empty and their bladder full (most posterior position of the prostate). 

They applied nonuniform margins around the prostate, arguing that for the 

respective directions not only the range of prostate movement, but also the risk
benefit ratio is clearly different. Especially the posterior margin is critical, as 

enlargement results in an increased risk of rectal complications. They chose 
anterior and inferior margins of 2 cm, a posterior margin of only 0.5 mm and 

lateral and superior margins of 1.0 and 1.5 cm. Dose volume histograms showed 

that these nonuniform margins yielded equal sparing of rectum and bladder in 

comparison to an 1 centimeter uniform margin, whereas for the nonuniform 

margins the CTV coverage was adequate, in contrast to inadequate coverate of 

the CTV in 40% of cases for 1 cm uniform margins. Balter el al. (7) used an 

invasive method to account for organ motion: four radioopaque markers were 
implanted in the prostate and daily on-line verification and correction (VC) was 

carried out after analysis of the position of these markers, rather than of bony 

landmarks. Drawbacks of this approach are the time intensive daily on-line VC, 

the invasive nature of the intervention (each patient would need to have markers 
implanted) and the potential migration of markers, for example due to tumor 
regression. 
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6.2.2. Coverage probability 
Mageras et al. (74) proposed a method to incorporate both systematic and 

random organ motion uncertainties into the treatment plan. Using data on 

prostate motion from an earlier study (82), they prospectively simulated organ 
motion effects during treatment planning of prostate cancer patients. Thus, a set 

of dose distributions was obtained, and ranked according to the mean CTV dose. 

Upper and lower confidence limit dose volume histograms (DVH) were 

generated, allowing the clinician to compare the coverage of target and nontarget 

organs to the DVH for the nominal plan. 

The concept of incorporating both patient positioning variations and organ 

motion uncertainties into the treatment plan was explored in the DDHCC by 

Visser et al. (124,125) and Stroom et al. (109,111). The effects of the 

systematic and random variations determined in earlier studies (Chapters 4 and 
5) were included in the treatment planning, yielding distributions of the so-called 

coverage probability (the probability of a point to be covered by the CTV). Dose 
probability histograms were calculated. For prostate cancer, literature data were 

used to incorporate the effects of organ motion as well. Figure 2 illustrates the 
effects of patient positioning variations and organ motion on the dose 

distribution for a prostate cancer case. Such a method of estimating the true dose 
distribution around the CTV provides an alternative approach to the more rigid 

use of CTV and PTV in the ICRU-50 report (61). It allows to individually 

choose the PTV as a volume corresponding to a high coverage probability level, 

and to calculate (nonuniform) optimized PTV margins based on the requirement 
that the CTV is irradiated to the specified dose with a high probability. 

6.2.3. Digitally recollstructed radiographs versus simulation films 
The fact that the positioning of the patient during CT scanning, which is the 

basis for the treatment plan and DVH calculations, is not exactly reproduced at 

simulation was explored by Bel et al. (12). In fact, the positioning at simulation 

represents one of the various treatment positions, with the difference that the 

setup at the simulator is checked using the CT data and planning information. 

From the CT data set a Digitally Reconstructed Radiograph (DRR) can be 

calculated, which represents a simulated X ray fluoroscopy unage for the 

intended beam direction. 
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Treatmellt plallning in prostate callcer using stepwise PTV calculation in a crallial transversal 
slice (A), a slice at the isocelller (E), a caudal slice (e), alld a sagittal recollstruction (D). 
TIle CTV (illller grey cOlltour) has been outlined by, the radiatioll oncologist. This volume is 
subsequently expanded with a margill to accoullt for the systematic setup variatiolls alld organ 
IllOtion effects (PTV1, dotted lille). The filial PTV (outer white colllour) results after the 
incorporation of random setup variatiolls. Note tllat ill the sagittal slice the influence of organ 
Illotion (especially rotatioll aroulld tile apex) call be clearly seen: the PTV margin is 
significalltly larger ill tile crallial part of the target volume thall in the caudal part. TIle 
cOlltours of tile rectulll alld bladder are depicted ill black. Figure taken /rom ref. 109, with 
permissioll. 



126 Chapter 6 

Bel et al. studied transfer errors by matching the simulation films with ORRs. 

Transfer errors were 1.5 mm (1 SO) for the ML direction and 4.5 mm (1 SO) 

for the CC direction in case of routine simulation. The use of ORRs at 

simulation (and the taking of extra simulation time) reduced these transfer errors 

to 1.4 mm and 1.5 mm (1 SO), respectively. The recommendation that ORRs be 

used for judgement of treatment setup rather than the simulation images, would 

reduce the role of the simulation procedure itself. Possibly, accurate checks of 

the patient setup at the treatment unit, using ORRs for comparison, could 

replace the simulation procedure completely. However, this would require high 

resolution ORRs (and thus the use of a very small CT slice distance), and MV 

imaging of sufficiently high quality and contrast. 

6.2.4. Verification and correction procedures 

The development and clinical testing of verification and correction (VC) 
procedures, both off-line (as described in Chapter 5) and on-line 

(6,28,35,38,83,117) showed that increased positioning accuracy can be attained 
and tight margins can be ensured, which make these procedures an indispensable 

part of conformal therapy, and a prerequisite especially in dose escalation 
protocols. It is clear that computer aided verification with actual measurement of 

the isocenter position yields much more improvement in accuracy than eye 

guided verification and correction (17,83,117). In the study by Michalski et al. 

(83) only 1.4 % of the fields was corrected after visual judgement of an error > 
1 cm. However, in 10% of the fields an error > 1 cm was present. Van den 

Heuvel et al. (117) showed that eye guided VC resulted in a reduction of the 

overall standard error from 5 mm to 2.5 mm for the ML direction, while for the 

CC direction there was only a marginal reduction of 5 to 4.5 mm. A computer 
aided VC procedure showed reduction of both systematic and random errors to 

SOs of ± 1 mm. Several authors (17,28,117) found that visual judgement is far 

more accurate in the ML than in the CC direction, due to more anatomical 

structures marking the ML direction (the pubic symphysis, the pelvic rim). 

Bissett et al. (17) conducted a study on quantitative vs. subjective (judgement by 

four radiation oncologists) verification of patient setup. While the translational 

error in the ML direction correlated with the oncologists' assessments, this was 

often not the case for CC translations. For rotational errors, there was no 

association between error size and clinical judgement. Gildersleve et al. (38) 
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randomized between intervention (eye guided ve supported by rapidly 
alternating display of the simulation and treatment images) and conventional 

treatment. In the intervention treatment, 71 % of setups were corrected, reducing 

the error rate > 5 mm from 48 % to 2 % . 
The improvements in setup accuracy by ve procedures are, however, made at 

the cost of increased treatment time (the reported increase in time spent at the 

treatment unit varied from 1 to 10 minutes for on-line ve, and usually some 1-2 
minutes for off-line ve, in case of a correction). Most authors expected this 

extra time to reduce considerably with increasing experience with the protocol; 
indeed some reported an extra time of only 1 to 3 minutes. On-line ve is more 

time consuming than off-line ve, especially taking more time at the treatment 
unit itself, which is cumbersome for both the patients and the technicians. 

Moreover, the frequent treatment interruptions when using on-line ve may 
cause patient anxiety. These are some of the major drawbacks of on-line ve. 

Therefore, at the present time it seems advisable to use off-line ve whenever 
possible, and reserve on-line ve for selected cases with predominantly large 

random errors. 

A computerized accept or reject strategy was described by Yan el al. (134) and 

Wong el al. (131). Using a software tool for off-line evaluation of portal 

itnages, the positioning accuracy is estimated for each patient after a number of 

initial portal images. The setup variation in the next treatment session is 
predicted by estimating a confidence region that should contain the next setup 

position. Then an accept or reject decision can be made by comparing this 

confidence region with a predefined allowance region of setup variation. As the 

confidence region is continuously updated during the course of treatment, the 
model adequately deals with time trends in patient setup. The retrospective 

simulation of such an accept or reject procedure showed that it correctly 

estimated the setup variations throughout the course of treatment, and that a 

'reject' decision accurately predicted subsequent positioning outside the 

allowance region. Major drawbacks of such an approach are the facts that it is 

time consuming and that daily imaging is required. Yan el al. (133) further used 

this ve procedure in so-called adaptive radiation treatment (ART). After 8 
initial treatment sessions, the confidence region of the current and subsequent 

setups is calculated. Based on this information, the margin around the eTV (and 

even, with a view to dose escalation, the prescribed dose) can be adaptively 



128 Chapter 6 

modified. The field changes are applied by defining new multileaf collimator 
settings, iustead of physical patient repositioning. This approach uses small 

margins for one patient, but larger margins for another, using initial treatment 

data to decide on margins on an individual basis. Simulation of the ART process 

for prostate cancer treatment demonstrated that for 64 % of patients it would be 
possible to reduce the margius and, for the same NTCP, to increase the dose. It 

should be noted, however, that as the PTV is individually modified during 

treatment, the international guidelines to prescribe and report PTV doses (61) 

cannot be used. 

6.2.5. Out-oJ-plane rOlalions 
The value of (20) VC procedures is limited when out-of-plane rotations are 

present. These out-of-plane rotations cause 30 anatomy displacements, which 

are seen in the 20 images as distortions. These can be wrongly interpreted as 

translations, and erroneous corrections can result. The problem of out-of-plane 

rotations was studied by Hanley el al. (51). If out-of-plane rotations occur, the 
matching of verification images with their reference image is impeded, leading 

to so-called misregistration errors: the difference between the calculated 
treatment position using the verification procedure, and the actual position. The 

magnitude of such misregistration errors was calculated, as well as their 

dosimetric effects. For pelvic treatments, the out-of-plane rotations comprised a 

pelvic 'roll' (rotation around the CC axis) or a pelvic 'tilt' (rotation around the 

ML axis). These were simulated in a phantom study. For out-of-plane rotations 

>20 the misregistration errors were 2.3 ± 1.0 mm. As for prostate treatments 
the dose gradients are extremely steep in the VO direction, the misregistration 

errors in this direction dominated the dosimetric effects. They could result in an 

overdosing of the rectal wall: for example, an NTCP increase from 7.7 to 

13.1 % was calculated for a 20 rotation around a point on the abdominal skin. It 
was concluded that if out-of-plane rotations are ruled out, 20 image registration 

does not introduce errors > 1 mm or > 10 and can thus be confidently used to 

monitor and correct patient setup. Bijhold el al. (16) stated as well, that the 

magnitude of out-of-plane rotations should be less than 20 and that the displace

ments involved should be < 10 mm, for 20 VC to result in appropriate 

corrections. If these restrictions are violated, this is iudicated by an imperfect 
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alignment of anatomical features. The displacement parameters then found may 

be erroneous and should not be used for a correction of the patient setup. 

Although van Herk el al. (119) found only slight out-of-plane rotations of the 

pelvic bone in their analysis of prostate cancer treatments, for other sites out-of

plane rotations may be of clinical significance. In gynecological cancer patients 

treated to 'large pelvic fields, out-of-plane rotations of the pelvis (in particular 

pelvic tilt) are observed (25,110). Bel el al. (13) described a study on setup 
deviations in wedged pair irradiation of parotid gland and tonsillar tumors. Due 

to out-of-plane rotations (for example 'nodding' of the head), it was at first not 

possible to obtain consistent translational setup deviations. An improved fixation 

mask and the placement of a wax mould with metal markers in the external ear 
during portal imaging were required to obtain an adequate quantification of the 

setup deviations. 
In cases where conventional 2D analysis produces inconsistent results, full 3D 

analysis based on DRRs could provide additional information (39). As DRRs 
can be computed for arbitrary angles, out-of-plane rotations can be accurately 

quantified. If persistent out-of-plane rotations are detected, they should be 

prevented by adjusting the positioning technique. 

6.2.6. The frequency of portal imaging 

Weekly portal filming, as traditional state-of-the-art practice, is not an adequate 

way of evaluating patient setup, as shown by Valicenti el al. (116). They 
performed daily EPI to evaluate the accuracy of weekly portal filming for 

various treatment sites. The displacements measured on the portal films 
frequently deviated from the corresponding portal image obtained in the same 

treatment setup. The respective frequencies of field placement errors exceeding 
tolerance limits of > 5 rum (for the head and neck region), > 7 rum (for the 

thorax) or > 10 rum (for the pelvis) were 11 % for portal films and 14% for 

EPI in the ML direction (difference not significant). Surprisingly, for the CC 

direction the field placement error frequencies were 24 % for portal films as 
compared to 13% for EPI (p=O.OOOI), mainly due to differences in the thorax 

and head and neck sites. The fact that portal films yielded more errors than EPI 
was considered to be mainly due to disruptions of the treatment procedure for 

the placing and removing of the films, causing movements of the patients. 

Interestingly, Hunt el al. (59) noted somewhat larger errors recorded by EPI 
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than by megavolt film. This was considered due to more care being taken by 
technicians on film days. 

A single portal film is most likely to be of value if the systematic error 
component is much larger than the random error component. What, then, is the 

correct frequency of portal checks? Mitine et al. (86) and Denham et al. (30) 

both focused on the number of port films necessary to differentiate between 
random and systematic setup errors. This is essential, as an isocenter 

displacement on the basis of one (weekly or once only) portal film is not based 

on any insight into the nature of the displacement observed. Denham et al. 

argued that the larger the random error involved, the greater the number of 

films required before a systematic error can be reliably detected and quantified. 

For example, a random error as large as 10 mm would necessitate at least 7 

ftlms, whereas a random error of 4 mm would require 2-3 films, for detection of 

a systematic error of 5 mm. Mitine et al., on the contrary, stated that for 

properly immobilized head and neck patients a single film check would be 

appropriate. As their comparison of simulation films to the first portal films 

yielded a positioning variation of 4 mm (1 SD) and the SD of subsequent films 

was 2.5 mm, they concluded that most errors were of systematic nature and 

therefore a single check would suffice. Using Mitine's data, Lebesque et al. (66) 

calculated that this policy of correcting an observed error on the single film 

check of > 5 mm, would cause 10 % erroneous set up corrections and in 5 % 
leave an undetected large systematic deviation (counteracted by a random 
variation in the opposite direction) uncorrected. 

The computation of the number of portal images necessary to distinguish 

systematic and random variations, using predetermined random error rates for 

the same patient groups treated in the same institution as input, as described in 

Chapter 5, seems a reasonable and reliable alternative, while not causing too 

high a workload. For example, in the DDHCC at present three portal images are 

required for prostate cancer treatments, and four images for gynecological sites, 
to determine systematic errors and decide on corrections. 

In general, once daily imaging for each treatment field is sufficient for the 

verification of patient positioning (36,114,121,129). Tinger et al. (114) 

determined intrafractional displacements in pelvic treatments (calculated from 

two images of each field). As the SDs of the interfractional displacements were 
more than 3 times as great as those of the intrafractional displacements for all 



Discussion and Conclusions 131 

directions, intrafractional displacements were no significant factor in terms of 
positioning accuracy. Intrafractional displacements were also studied in breast 

cancer treatment (36,121,129). Intrafractional variation, being a reflection of 
both patient movement and normal respiration, was shown to be minor in 

comparison to interfractional variation. For example, Fein et al. (36) reported 

intrafractional variations of 0.9-2.1 mm (1 SD), contrasted to interfractional 

variations of 3.2-6.3 mm. 

6.2.7. Patient positioning and immobilization 
It can be learned from the studies cited above that first of all treatment accuracy 
is improved by the careful handling of patient positioning at the treatment unit 

itself. Positioning a patient is a tedious task, in which the technicians have to 

perform complicated setups using individual shielding and often asymmetrical 

fields, and have to deal with the patients themselves and inherent factors such as 

nervousness, their medical condition, etc. Kortmann et al. (65) analyzed 

positioning accuracy in difficult patient positioning (due to pain and reduced 

mobility of the patients' hips after operation). It was demonstrated that 

considerable variations occurred (SDs 4-8 mm for translations and 3.5-5° for 

rotations) in this difficult group. The inaccuracies mostly represented large 
random fluctuations. That high workloads and continuous time pressure result in 

less accurate setups was shown by Probst and Griffiths (95). In their study on 

the accuracy of a setup of a complex shaped cranial field, the technicians who 

had taken as much time as needed for patient setup, took on average 2 minutes 
extra and positioned the patient more accurately than a group of technicians who 

had performed the same setup at increased speed. Mean worst case discrepancies 

between simulation and treatment films were 5 mm for the increased speed 

setups, compared to 4 mm for the normal work speed. Thus, if a VC procedure 

were to be used in such setups, the extra time spent at careful positioning might 

be offset by the fact that less extra time would be needed for setup corrections. 
Motivating and educating technicians in these concepts is of great importance, as 

well as not increasing time pressure beyond limits. 

When considering treatment accuracy, attention should be paid to 

inunobilization. The advantages and disadvantages of immobilization devices 

should be weighed. In the head and neck area, fixation masks are obviously 

indispensable, as the range of complex movements in this area requires rigid 
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immobilization, and the patient is spared the nuisance of skin drawings and/or 
tattoos in this area. For breast treatment, the great disadvantage of increased 

skin reactions caused by the mask does not counterbalance the modest increase 
in positioning accuracy (Chapter 3). The large separation between the fixation 

points of these breast masks and the relatively wide range of possible movement 

within the mask made its role in preventing setup variations very limited. This 

can also be stated for the pelvic area, especially in cases where improved 

fixation would be most required (e.g., obese gynecological patients). Such pelvic 

masks do not improve positioning accuracy (27). Neither do vacuum mattrasses 

seem to provide extra support (96). Only alpha cradles have been reported by 

some authors (102,107) to improve setup accuracy for pelvic treatments, 

however, others (S7, lOS) did not find this improvement. Alpha cradles have the 

disadvantages of high cost (being used once and discarded after use) and the 

improvements in accuracy, if any, are modest. Song et al. (lOS) reported a 
comparative study in prostate irradiation using four different types of 

immobilization. The 62 patients were treated in the supine position using a four
field box technique. They were divided into five groups, with respectively no 

immobilization, an alpha cradle from the waist to the upper thigh or to below 

the knees, a styrofoam leg immobilizer, and an aquaplast cast encompassing the 

entire abdomen and pelvis with alpha cradle leg and feet immobilization. 

Overall, the maximum deviation was 2 cm and the median 1.2 cm. The 

probability of a deviation > 5 mm (called a 'movement') ranged from 0 to 
76%, with a mean of 39%. There was no significant difference between the 

groups in the overall movement. The aquaplast immobilization had the smallest 
movement probability in the CC and VD directions, but had the largest 

movement probability in the ML direction. None of the immobilization devices 
produced a significant reduction in movement in obese patients compared to the 

setup without immobilization. Interestingly, in the group without immobilization, 

neither obesity nor increased pelvic circumference resulted in larger movement 
probability . 

It can be concluded that careful daily positioning by motivated technicians 

potentially improves setup accuracy more than any immobilization device. The 

use of EPID at all treatment units would provide them with a tool to develop 
insight into the individual patient's setup, and into sources of inaccuracies. VC 
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tools which can independently be used, with predetermined action levels, will 

greatly enhance the responsible handling of daily patient treatment. As Ezz et al. 

(35) put it: "We envision the use of portal imaging in a way that may change the 

practice of radiation therapy. Rather than just use skin marks, the technicians 

will also use the internal bony anatomy, as seen in the portal image. However, 

this approach to radiation therapy will require considerable change in attitude by 

both radiation oncologists and technicians". 

6.3. Recent developments and present EPI nse in the DDHCC 

The pelvic studies (Chapters 4 and 5) formed the basis for the present use of the 

off-line VC procedure for prostatic irradiation as a routine protocol. 

Furthermore, the VC procedure was also studied in a group of gynecological 

cancer patients. While the systematic errors (1 SO) were reduced from 2.4 mm 

(ML direction) and 4.2 mm (CC and VO directions) without the VC procedure, 

to 1.3 mm (ML) and 2.0 mm (CC and VO) using VC, the random error 

remained relatively large (3-4 mm). In some patients, the large random errors 

would cause too many corrections, which would not result in an improvement of 

setup accuracy, as they would involve the off-line correction of a setup error 
largely being caused by random variations. Therefore, the action level was taken 

higher in the patients which showed large random errors. The use of vacuum 

mattresses for immobilization did not improve these results (96). The larger 

random error rate in the gynecological patient group and the lack of 
improvement using immobilization led to the conclusion that on-line VC would 

be required for further reduction of setup errors. The study of on-line VC in the 
gynecological patient group (25,110) comprised 14 patients. After the acquisition 

of a 6 monitor unit (MU) image, the irradiation was interrupted to analyze the 
position of a set of anatomical landmarks in this AP image. In case of a (20) 

setup deviation greater than 4 mm, a correction was applied by translating the 

patient couch. During the remaining treatment a 30 MU image was obtained for 

off-line analysis of both the AP and lateral fields to check the correction. With 
the use of this on-line procedure, the time spent at the treatment unit increased 

1.5 minute. In case of a correction, a further 2.5 minutes were used. The time 
spent off-line to analyze the images was 10 minutes for an experienced 
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technician. The procedure was rapidly accepted by the technicians. In 57% of 

treatments a correction was applied. Both random and systematic errors were 

reduced to 1-2 mm, the limit of accuracy of the procedure itself. It appeared that 
in this patient group, consisting of females treated to the entire pelvis, out-of

plane rotations (especially rotation around the ML axis or 'tilting' of the pelvis) 

sometimes limited the value of the 2D analysis. This was met by choosing parts 

of the pelvis for contour matching which were least susceptible to these rotations 
(the pelvic rim). Figure 3 illustrates the on-line VC procedure. 

Since 1994, the two DDHCC SRI-100 imaging devices have both been mounted 

on one of the most sophisticated linear accelerators, the dual gantry racetrack 

microtron (MM50), one on each gantry. In June 1997 one of these was replaced 

by an EPID with improved imaging characteristics, developed in the DDHCC. 

As many studies on conformal therapy are carried out at this treatment unit, the 

EPIDs are in continuous use. For all prostate treatments, the VC prQcedure is 

routinely used. This does require extra time investments, mainly off-line, as the 
technicians perform all analyses themselves. Because of the time pressure and in 

view of the low random error rate for prostate treatments, recently the number 

of initial portal images was reduced from 4 to 3. For gynecological patients a 

study on prone positioning in a so-called belly board (68,106), in order to 

reduce the volume of small bowel in the field, has recently been carried QUt. 

The positioning of these patients was monitored using the off-line VC procedure. 

Preliminary results show the random error rate to be relatively modest (1.6 - 2.6 

mm), probably due to the facts that the board is in some respects an 
immobilization device, and that daily positioning is carried out with great care. 

Systematic errors are < 2 mm, reflecting the use of the VC procedure. 
Apart from the use of EPI and of VC in pelvic treatments, conformal therapy 

studies have been started for treatment of lung cancer and of head and neck 
cancer, of which VC procedures are an integral part. 

6.4. Drawbacks in the introduction and use of EPID 

The introduction of fast electronic portal imaging has enabled the development 
of sophisticated procedures for patient setup verification and correction. 
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Oil-line verification and correction procedure ill gynecological callcer. (1) Display of the 
simulation image and selection of anatomical landmarks. (2) Oil-line 6 MU megavolt image of 
the AP field. The treatmetlt is interrupted, alld the position of the landmarks is indicated ill the 
megavolt image. (3) TIle position of the patietlt is determined by comparison of the position of 
the landmarks ill the simulation alld the megavolt image. If the 2D setup deviation exceeds 4 
mm, the patiellt couch is trallslated. 



136 

Figure 3B 
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Durillg the remahling fractioll dose, a 30 MU megavolt image is made. To determine the final 
patient setup, tlie 30 MU image is analyzed offlille usillg a semiautomatic contour match 
procedure. 
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Moreover, it has stimulated awareness of and attention to the presence of daily 

variations in positioning, causes of imprecise treatment setup and methods to 

improve positioning accuracy. This does, however, not mean that these 
principles are nowadays fully integrated in daily routine practice. EPIDs are 

being acquired by many radiotherapy departments with the purpose of improving 
quality control and ensuring positioning accuracy. However, in practice, the 

actual use of the EPID depends on the availability of software tools for rapid 

image analysis and interpretation. Often the commercially available EPIDs come 

with insufficient software for practical use. Much effort of the department staff 

is required before efficient use of the EPID can be made and the device becomes 

fully integrated in clinical practice. Several factors strongly influence the 
acceptation and integration of an EPID in a radiotherapy department. The fact 

that the physicians and the technicians are not familiar with the new tool plays a 

role, as well as some undefined feeling that one's expertise at daily treating 

patients is being questioned. Furthermore, the accessibility of the software to not 

too experienced users and the speed at which analyses can be done determine the 

acceptance of the EPI procedures in a busy practice. 

Of paramount importance are the consequences of the acquisition of portal 

images and the detection of positioning variations. If requirements are met as to 
the quality of the images and software tools, and if clear procedures are 

designed by which technicians can perform setup verification themselves and act 

according to the level of positioning variations found, EPI helps them to gain 

valuable insight into individual treatment accuracy and will act to emancipate 
them. Thorough training of the technicians in use of the EPI and its software for 

image analysis and comparison, and in the use of VC procedures is 
indispensable, as the precision of a VC procedure is dependent on the 

reproducibility of the image analysis. 
When introducing an EPID into clinical practice, education of the physicians 

and technicians is needed in order to inform and motivate them and demonstrate 
the scope of possible applications. Smoothly functioning software is required to 

obtain easy acceptance, as time pressures are high. But first of all should the 
physicians come to an agreement as to what is considered a relevant variation. 

To draw arbitrary lines, such as considering a deviation > 5 mm unacceptable 

and :0;; 5 mm within limits, is not clinically justified in this era of conformal 

therapy, dose escalation and reduction of normal tissue complications. Each 
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treatment site, each technique, and each treatment intention requires dedicated 
verification procedures. If clear decisions are made for each site and technique, 

then appropriate VC procedures and tolerance limits can be designed. Choices 
should be made as to which techniques require very precise monitoring (as in 

high-dose, high-precision therapy) and which allow a more relaxed approach, 

never forgetting that most of the impact of quality control is obtained in 

improving the treatment quality of the large majority of routine treatments. 

6.5. Conclusions and recoDlDlendations 

Quality control of the accuracy of patient positioning is required not only in 

sophisticated treatment techniques, but also in routine clinical practice. Error 
rates should be minimized by optimizing treatment techniques and by careful 

daily patient positioning by motivated technicians, routinely using electronic 

portal imaging. 

Verification and correction procedures are essential to recognize and correct 
systematic errors early in the course of treatment. Visual comparison of the 

simulation and portal images is of limited value. A computer aided analysis and 
quantification of the differences between simulation and portal images for all 

directions is indispensable. Before a VC procedure is integrated in patient setup 

protocols, it is required that the random error rate is small and reliably known, 

and no major out-of-plane rotations are present. 

An off-line VC protocol as described in Chapter 5 seems to be an ideal 

compromise between the limited value of weekly portal imaging, and the very 
time consuming use of daily on-line VC procedures. However, the number of 

corrections carried out on the basis of an off-line VC protocol should be limited: 
for individual patients with large random errors, multiple setup corrections could 

result which would hardly improve the setup accuracy. For such patients an 
early switch to on-line VC should be made. It seems a reasonable approach to 

limit the number of off-line corrections in each patient to a maximum of two, 

and to switch to on-line VC if the setup is still not satisfactory. This would 

prevent the labor intensive and time consuming use of on-line VC in the large 

majority of the patients, but make selective use of it as required. 
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The use of data on systematic and random setup variations and organ motion 
during treatment planning enables the calculation of dose distributions and/or 

dose volume histograms which show the clinician what target coverage and 

normal tissue dose realistically to expect. Optimized PTV margins can be 

defined and individual treatment choices can be made. 

EPI and VC procedures of such speed, ease, and automation level that imaging 

each treatment fraction can be considered a routine procedure, seem realistically 

to be within reach in the near future. Such a practice would allow the 

technicians to deal with gross errors and accidental mistakes (such as the 
misplacement of a block or wedge) by on-line correction. Off-line VC 

procedures could then be used to monitor treatment accuracy for all patients, 
intervening off-line when required, or switching to on-line VC in cases with 

predominantly random errors. Such routine EPI use requires dedicated protocols 

and tolerance limits for each treatment site and technique. 

Finally, it should be kept in mind that no VC procedure does provide insight 
into the sources of the errors recorded. Probably, these are mostly due to the 

infinite number of possible movements and distortions in the human body, and 
are most effectively reduced not by ever tighter immobilization, but by giving 

the patients proper information, understanding and reassurance as well as time to 
settle down. This remains the professional skill of the technicians, which no EPI 

procedure could or should ever replace. 
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SUMMARY 

As a result of the introduction of sophisticated techniques for radiotherapy 
planning and delivery, quality control of the accuracy of the daily positioning of 

the patient has become increasingly important. For Wgh-precision therapy, exact 

patient positioning is an absolute prerequisite. Megavolt film has tradionally 

been used to verify the position of the patient during radiotherapy. More 

recently, electronic portal imaging devices (EPID) have been developed which 

enable fast, on-line acquisition and comparison of portal images. The 

development of the EPIDs and the concurrent introduction of conformal therapy 

have focused attention to the verification and the correction of daily patient 
setup. This thesis deals with the clinical introduction of portal imaging, the 

investigation and improvement of the accuracy of patient positioning in various 

treatment techniques, and the development of strategies for verification and 

correction of patient setup. 

Chapter 1 discusses the clinical consequences that variations in patient 
positioning may have. Dose variations of about 5-10 % over a significant part of 

the target volume and/or neighbouring organs at risk may have a clear impact on 

the tumor control probability and normal tissue complication probability. The 

impact of such dose variations depends, among others, on the steepness of the 
dose response curves for the tumor type and normal tissues involved. 

Under dosing in the field margins has in some studies been shown to lead to a 

clinically apparent decrease in local control rates and survival rates. 

The series of studies on the accuracy of patient positioning started with a 

prospective analysis of mantle field irradiation in 13 lymphoma patients 
(Chapter 2). This study was carried out using megavolt films. Differences 

between simulation and treatment films were larger for posterior fields (with the 
patient positioned prone) than for anterior fields (supine position). Errors were 

modest as compared to reported error rates. The prone treatment position 

yielded larger errors than the supine position, as well as a systematic cranial 

shift of the patients. It was recommended that attention be paid to improving 
treatment accuracy in the prone position. At present, the introduction of more 
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sophisticated treatment units has enabled the use of the supine position for both 

anterior and posterior fields. 

The positioning accuracy in the treatment of 31 breast cancer patients was 

studied using the newly developed EPIO (Chapter 3), and differences between 

two positioning techniques were evaluated. Seventeen patients were immobilized 

with plastic fixation masks on a flat board, and 14 patients were positioned 
without a mask on either a flat or a wedge-shaped board. Comparison of these 

positioning techniques yielded a similar setup accuracy, while the standard 
deviations (SD) of the differences between simulation and megavolt images 

tended to be somewhat larger in positioning without a fixation mask. However, 
large SDs were found for field size, collimator rotation and for the position of 

the lung shielding block in patients positioned on the flat board. These appeared 
to be due to the technicians' inclination to slightly adapt the field size or rotate 

the collimator in order to obtain a seemingly better congruity of the field with 
the skin or mask markings. The wedge shaped board was preferred because of 

the ease of patient setup and because the use of the lung shielding block (being a 
source of treatment inaccuracies) is avoided. This study emphasized the 

importance of focusing attention to the accuracy of daily patient positioning, not 

only in new, sophisticated treatment techniques but also in the setups routinely 

used. As a result of this study, procedures for patient setup were revised and 

record-and-verify systems were made operational on all treatment units in our 
institute. 

Chapter 4 comprises studies on the accuracy of patient positioning in urological 

and gynaecological pelvic fields. Small pelvic fields were studied in 16 patients 

treated for urological cancers using a CT-plalllled three-field isocentric 
technique, and large anterior and posterior parallel opposed pelvic fields were 

studied in 17 gynaecological cancer patients. For urological fields, random and 
systematic errors were shown to be larger in the cranio·caudal and ventro-dorsal 

directions than in the medio-Iateral direction. These errors were reduced 

following changes in the positioning teclmique. In gynaecological fields, large 

random errors and, for the cranio-caudal direction, a systematic cranial shift of 
the patients were detected. The positioning technique which had been tradition

ally used was abandoned, and a new setup using long laser lines was tested and 
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found to be more accurate. Chapter 4 describes how patient positioning techni
ques can be optimized on the basis of portal imaging studies, resulting in the 

reduction of both random and systematic errors. Studies such as these can also 

be used to establish the level of random setup variations, to be used for the 

calculation of appropriate margins to take around the clinical target volume. In 
Chapter 4, examples are given of the calculation of margins for prostate cancer 

treatment, taking into account patient positioning variations as well as prostate 
motion. As both setup variations and prostate movements are different for the 

respective directions, nonuniform margins around the CTV are obtained, instead 
of the usual uniform margins. Such well established margins, based on actual 

treatment data, can then safely be used in radiotherapy planning for conformal 

techniques. 

Usually, after optimizing a patient positioning technique, systematic variations 

remain that are small for some subsets of patients, but larger for others. In such 

cases, efforts should be directed towards an early recognition and correction of 

these systematic errors on an individual basis. This led to the development of 
verification and correction (VC) procedures. An (off-line) VC procedure was 

designed to determine and correct systematic setup errors in the treatment of 

prostate cancer, and was clinically introduced and tested in 151 patients in three 

radiation oncology centers (Chapter 5). During a few initial treatment fractions, 

portal images were obtained and the average 3D displacement vector was 

compared with an action level, which decreased with the number of 

measurements. If the length of the vector exceeded the action level, at the next 

treatment session an isocenter correction was applied at the treatment unit. After 

a correction, the VC procedure was repeated. Otherwise, weekly setup 

measurements were performed. The application of the procedure resulted in a 

major improvement of setup accuracy in all three centers. The rate of mean 

systematic 3D deviations > 5 mm decreased from 26-36% to 0-\.6%. The 
number of corrections was on average 0.7 per patient. The VC procedure was 

rapidly accepted by the technicians and clinicians, as 3D setup accuracy was 
significantly improved, while the increase in workload was modest. 

In Chapter 6, the findings and conclusions of the studies are discussed and put 

into clinical perspective. The most recent developments in on-line and off-line 
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verification and correction are summarized, and reviewed together with related 

topics such as organ motion, the required frequency of portal imaging, the value 

of immobilization techniques, and the drawbacks in the introduction and 

application of portal imaging. Coverage probability, a concept to incorporate 

both the effects of systematic and random patient setup variations and organ 

motion uncertainties into the treatment planning, enables the calculation of dose 

distributions which show the clinician what target coverage and normal tissue 

dose realistically to expect. It is concluded that the verification of daily patient 

positioning is essential, both in high-precision treatments and in the routine 

clinical practice, and should be an integral part of (conformal) treatment 

protocols. Electronic portal imaging is an indispensible tool to minimize 

systematic and random errors, both by optimizing positioning techniques, and by 

the verification and correction of patient setup early in the treatment course. 

Verification and correction can be performed on-line (interrupting the treatment 

for the analysis of the portal image and, if required, a setup correction) or off
line (in which case the correction is applied at the next treatment fraction). On

line VC is more time consuming and, because of the frequent treatulent 
interruptions, more bothersome for the patient, while its advantage is that 

random errors can be corrected as well. When random errors are established to 

be sufficiently small, off-line VC procedures are recommended to monitor 

treatment accuracy. On-line VC could then be selectively used in cases with 
large random errors. 
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SAMENV ATTING 

Door de introductie in de radiotherapie van geavanceerde bestralingsapparatuur 
en drie-dimensionale computer planningsystemen is het mogelijk geworden de 

bestralingsvelden het doelgebied zeer nauwkeurig te laten omvatten, waardoor de 

omgevende gezonde weefsels maximaal worden gespaard. Deze zgn. 

conformatie technieken worden gebruikt om de bijwerkingen van de 

radiotherapie te verminderen, en/of de dosis te verhogen zonder dat de kans op 

ernstige complicaties toeneemt, teneinde de kans op locale controle en mogelijk 

ook genezing te verbeteren. Bij een dergelijke techniek is een uiterst nauwkeuri

ge positionering van de patient ten opzichte van de bestralingsbundel een 
absolute vereiste. Controle van de dagelijkse positionering van de patient 

gedurende de bestralingsserie is daarom van groot belang. Tot v~~r kort werden 

hiervoor megavoltfoto's (rontgendoorlichtingsfoto's, gemaakt met de megavolt

energie van de bestralingsbundel) gebruikt. Meer recent is electronische 
megavolt afbeeldingsapparatuur ontwikkeld, waarmee het mogelijk is om in 

enkele seconden na de start van een bestraling op een monitor een 
rontgendoorlichtingsbeeld te krijgen van het deel van de patient dat in het 

bestralingsveld ligt. Nog tijdens de bestraling kan vergelijking met de 

simulatiefoto (de geplande positie van de patient) plaatsvinden. De ontwikkeling 

van deze electronische megavolt-afbeeldingssystemen (MV A) en de gelijktijdige 
introductie van conformatieradiotherapie technieken hebben de aandacht 

gevestigd op het belang van veri/katie, en waar nodig correctie, van de 

dagelijkse patientpositionering. Dit proefschrift bevat een aantal studies naar de 

daadwerkelijke nauwkeurigheid van de dagelijkse ins telling van de patient voor 

de bestraling bij een aantal verschillende tumorsoorten en bestralingsteclmieken, 

zoals die gebruikt werden binnen de afdeling Radiotherapie van de Daniel den 

Hoed Kliniek. Op basis van deze studies werden de positioneringstechnieken 

verbeterd en de dagelijkse variaties geminimaliseerd. Tenslotte werd een 
verificatie en correctie procedure geimplementeerd om tijdens een bestralings

serie de nauwkeurigheid van de patientpositionering te optimaliseren. 

In hoofdstuk I worden de mogelijke k1inische consequenties beschreven die 
onnauwkeurigheden in de dagelijkse positionering van de patient kunnen hebben. 

Dosisvariaties van 5-10% in een belangrijk deel van het doelvolume kunnen een 
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duidelijke invloed hebben op de kans op het volledig vernietigen van de tumor 

en/of de kans op schade aan de gezonde weefsels. Hoe groot de invloed van 

dergelijke dosisvariaties kan zijn, hangt onder meer af van de steilheid van de 

dosis-effect relatie van de betreffende tumor en omringende organen. In 

sommige studies is aangetoond dat onderdosering in de randen van het 

doelvolume kan leiden tot een klinisch aantoonbare vermindering van de kans op 

locale tumorcontrole en overleving. 

De serie studies naar de nauwkeurigheid van de patientpositionering startte met 
een analyse van zgn. mantelveldbestralingen bij 13 patienten met de ziekte van 

Hodgkin (hoofdstuk 2). Deze studie werd uitgevoerd met megavoltfoto's. De 

verschillen tussen de simulatiefoto's (als referentiewaarde) en de megavoltfoto's 

bleken groter in de achtervoorwaartse (PA) velden (met de patient in 

buikligging) dan in de voorachterwaartse (AP) velden (met de patient in 

rugligging). De gevonden onnauwkeurigheden waren geringer dan in de 

literatuur gerapporteerde afwijkingen. In buikligging was de positionering 

minder nauwkeurig dan in rugligging, en werd een verplaatsing naar craniaal 
gevonden. Tegenwoordig is het mogelijk de patient in rugligging te positioneren 

voor beide bestralingsbundels, hetgeen comfortabeler is en de nauwkeurigheid 
van de bestraling ten goede komI. 

De nauwkeurigheid van de dagelijkse positionering bij de borstsparende 

behandeling van 31 patienten met borstkanker werd onderzocht met behulp van 

het recent geintroduceerde MV A systeem (hoofdstuk 3). Twee verschillende 

positionerings- en flXatietechnieken werden vergeleken. Bij 17 patienten werden 
plastic fixatiemaskers gebruikt die aan een platte plank op de bestraJingstafel 

werden vastgemaakt, en 14 patienten werden zonder masker op een platte of 
hellende plank (zgn. wigplank) gepositioneerd. Vergelijking van deze twee 

technieken gaf aan dat de nauwkeurigheid ongeveer gelijk was; de standaard 
deviaties (SD) van de verschillen tussen de simulatie- en megavoltbeelden waren 

iets groter bij de positionering zonder fixatiemasker. Br bleek echter, dat er 

onacceptabel grote variaties gevonden werden voor de veldgrootte, de collimator 

hoek, en voor de positie van de afdekblokken voor de long bij de Jigging op de 

platte plank. Deze variaties bleken te zijn veroorzaakt door de neiging op het 
bestralingstoestel de veldgrootte aan te passen of de collimator soms iets te 
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roteren, teneinde een ogenschijnlijk betere overeenkomst tussen het lichtveld van 
het toes tel en de huidmarkeringen op de patient te bereiken. De voorkeur werd 

gegeven aan de wigplank vanwege het gemak van positioneren, en omdat het 
gebruik van een longafdekblok (zoals gebleken een bron van 

onnauwkeurigheden) wordt vermeden. Deze studie onderstreepte het grote 

belang van kwaliteitscontrole van de dagelijkse patientpositionering, nlet aileen 

voor nieuwe of ingewikkelde technleken, maar ook voar de routinematig 

gebruikte technieken. Als gevolg van deze studie werden de procedures voar het 

instellen van de bestralingsbundel herzien, en werden verificatiesystemen op aile 

bestralingsapparaten aangebracht. 

Hoofdstuk 4 bevat studies naar de nauwkeurigheid van patientpositianering bij 

de bestraling van urologische en gynaecologische bekkenvelden. Bij 16 patienten 
met blaas- of prostaatcarcinoom werd de nauwkeurigheid van een CT-geplande 

drie-velden techniek onderzocht. Grotere AP-PA bekkenvelden werden 
geanalyseerd bij 17 gynaecologische patienten. Bij urologische velden bleken in 

de cranio·caudale en dorso-ventrale richtingen grotere onnauwkeurigheden op te 

treden dan in de medio-laterale richting. De positioneringstechnlek werd 

veranderd, waarna de nauwkeurigheid toenam. Bij gynaecologische patienten 
werden grote random variaties gevonden, alsmede systematische verschuivingen 

in de cranio-caudale richting. De positioneringstechniek die van oudsher bij deze 
patienten werd gebruikt, werd verlaten en een nieuwe technlek met lange 

laserlijnen werd onderzocht en nauwkeuriger bevonden. In dit hoofdstuk wordt 

beschreven hoe positioneringstechnleken kunnen worden verbeterd op basis van 

MVA-studies, waarbij zowel random als systematische verschuivingen kunnen 
worden verminderd. Deze studies zijn ook zeer geschikt om vast te stellen welke 

variaties aanwezig blijven, ook na optimalisering van de gebruikte technieken. 
Deze onvermijdelijke onnauwkeurigheid kan dan worden gebruikt bij het 

definieren van de marges die rond het doelvolume moeten worden aangehouden 
om adequate bestraling van het doelgebied te verzekeren. In hoofdstuk 4 worden 

voorbeelden gegeven van het berekenen van deze marges voor bestraling van 

prostaatkanker, waarbij zowel rekening wordt gehouden met de variaties in 

patientpositionering als met verschillen in ligging van de prostaat. Aangezien 

deze variaties niet even groot zijn voor de verschillende richtingen, worden zo 

specifieke, anisotrope marges rond het doelvolume verkregen in plaats van de 
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gewoonlijk toegepaste uniforme marges. Dergelijke specifieke marges, gebaseerd 

op werkeIijk gemeten variaties, kunnen dan veilig worden toegepast bij de 

planning voor conformatieradiotherapie. 

Na het optimaliseren van positioneringstechnieken bIijven er systematische 

verschuivingen optreden, die voor sommige patienten zeer gering zijn, maar bij 

andere groter. In zulke gevaIlen is vroegtijdige herkenning en correctie van 

systematische variaties op individuele basis van groot belang. Om deze reden 

werden verificatie en correctie (VC) procedures ontwikkeld. In hoofdstuk 5 
wordt de introductie en evaluatie van een dergeIijke procedure bij de 

behandeling van patienten met prostaatkanker beschreven. De VC procedure 

werd getest bij 151 patienten in drie radiotherapeutische centra. Aan het begin 

van de bestraIingsserie werden enkele megavoltafbeeldingen gemaakt, en werd 

de gemiddelde 3D verplaatsing berekend. De actiedrempel voor een correctie 

nam af met het aantal metingen. AIs de verplaatsing groter was dan de 
actiedrempel, werd bij de volgende behandeling een isocentrum correctie 

toegepast. Na een correctie werd de VC procedure herhaald; in de andere 
gevaIlen werden wekelijks afbeeldingen gemaakt. De toepassing van de VC 

procedure resulteerde in een sterke verbetering van de nauwkeuringheid van 
positionering in aIle centra. Het percentage systematische verschuivingen 

> 5 mm nam af van 26-36% tot 0-1.6%. Gemiddeld werd 0.7 correctie per 
patient toegepast. De VC procedure bleek snel en gemakkeIijk te worden 

geaccepteerd door de laboranten en clinici, aangezien de nauwkeurigheid 

significant verbeterde, bij een relatief beperkte toename van de werklast. 

In hoofdstuk 6 worden de bevindingen en conclusies van de studies besproken en 

in kIinisch perspectief geplaatst. Hierbij worden de meest recente ontwikkelingen 

in verificatie en correctie van de patientpositionering samengevat, samen met 

onderwerpen zoals orgaanbeweging, de frequentie van megavoltafbeeldingen, de 
waarde van fixatietechnieken, en de valkuiIen en beperkingen bij de kIinische 

introductie en het gebruik van MV A. De integratie van de dageIijkse varia ties in 

de patientpositionering en de orgaanbeweging in de planning voor radiotherapie 

maakt het mogeIijk een inschatting te maken van de werkeIijk te verwachten 

dosisverdeling in het doelvolume en de normale weefsels. Geconcludeerd wordt 

dat de verificatie van de dageIijkse patientpositionering essentieel is, zowel bij 
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complexe precisietechnieken als bij de meer routinematige behandelingen, en een 
integraal deel zou moeten uitmaken van (conformatie)radiotherapieprotocollen. 

MV A is omnisbaar voor het minimaliseren van systematische en random fouten, 

zowel door het controleren en verbeteren van positioneringstechnieken, als door 

de verificatie en de correctie van de patientpositionering aan het begin van de 

behandelingsserie. Verificatie en correctie kan tijdens de bestralingsbehandeling 

zelf worden verricht (waarbij de bestraling na klein deel van de dagdosis 

onderbroken wordt voor het analyseren van het megavoltbeeld en de eventuele 

correctie van de patientpositionering, zgn. on-line VC), danwel na de 

behandeling (waarbij een eventuele correctie wordt toegepast bij de volgende 

bestraling, zgn. off-line VC). On-line VC kost meer tijd op het bestralingstoestel 

en is, door het onderbreken en zonodig corrigeren, meer belastend voor de 

patient, terwijl het voordeel ervan is dat ook random fouten knnnen worden 

gecorrigeerd. Als aangetoond is dat de random variaties van een bestalings
techniek voldoende klein zijn, is het aan te bevelen om off-line VC procedures 

te gebruiken om de nauwkeurigheid van behandeling te bewaken. In situaties 

met grotere random variaties kan dan selectief on-line VC worden toegepast. 
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