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ChapterChapter 1 

Backgroun d d 

Breastt cancer is a very common disease in western countries. The 
incidencee in the Netherlands is approximately 130/100.000 women per year, 
meaningg that one out of ten women is faced with the diagnosis of breast 
cancerr during her life [55]. Currently, breast cancer is often being diagnosed 
att an earlier stage than in the past. This is due to the adoption of breast 
screeningg programs for women between 50-70 years of age and a bigger 
awarenesss of the risk to develop breast cancer that led to an increase of 
self-examinationn of the breast among women. This, together with improved 
multimodalityy treatment techniques contributed to a decrease in breast 
cancerr mortality in the West-European countries. The 5-year overall survival 
forr the complete group of breast cancer patients in the Netherlands 
increasedd from 52% in the period 1955-1969 to 76% in the period 1987-
19922 [55]. It was concluded in 1997 that proper screening of women 
betweenn 50-70 years of age in the Netherlands could result in an increase in 
overalll survival of 17% [55]. Between 1989 and 1995, the incidence of in 
situu carcinoma among women between 50-70 years of age increased by 
130%,, while the incidence of stage I tumours doubled and the incidence of 
stagee II tumours was approximately stable. The number of stage lll-IV 
tumourss in women older than 50 years of age decreased by 24% [7]. 

Surgeryy and radiotherapy are the most important modalities for 
locoregionall breast cancer treatment. In the beginning of the previous 
centuryy surgery was very extensive. Radical mastectomy (removal of the 
entiree breast, the lymph nodes and the pectoralis major muscle) was 
performedd in order to prevent tumour growth, local recurrences and distant 
metastasiss [18]. Later, the modified radical mastectomy procedure was 
introduced:: removal of the entire breast and axillary lymph nodes [42]. 

Inn the beginning of the twentieth century some types of breast cancer 
weree already treated by breast conserving surgery removing the primary 
tumourr plus a margin and were additionally irradiated using low-energy X-
rays.. The introduction of megavoltage therapy in the 1930's led to further 
developmentss in breast conserving therapy. While surgery was still used to 
removee the primary tumour to prevent tumour regrowth, radiotherapy was 
givenn to prevent further local recurrences. Due to earlier diagnosis and 
similarr efficacy as modified radical mastectomy, breast conserving therapy 
pluss whole breast radiotherapy is increasingly applied in order to avoid 
mutilatingg surgery [65]. However, in high risk breast cancer patients, 
mastectomyy is still applied. 

8 8 



Introduction Introduction 

Tumou rr  contro l and surviva l 

Radiotherap yy afte r breas t conservin g therap y or mastectom y 

Inn the year 2000, the Early Breast Cancer Trialists' Collaborative Group 
(EBCTCG)) published the results of a new meta-analysis of randomised 
breastt cancer trials comparing surgery, being either mastectomy or breast 
conserving,, with and without adjuvant radiotherapy in early stage breast 
cancerr [1]. It was shown that 20-year overall survival of early stage breast 
cancerr patients who received mastectomy or breast conserving surgery was 
35.9%,, while it was significantly increased by 1.2% to 37.1% if adjuvant 
radiotherapyy was given. Radiotherapy fields generally included not only 
chestt wall (or breast) but also axillary, supraclavicular, and internal 
mammaryy nodes. Although breast cancer specific mortality after 20 years 
wass reduced, there was a significant increase of non-breast cancer related 
mortalityy after radiotherapy (Table 1). This increase was 1% after 10 years, 
andd as high as 4.3% after a 20 years follow-up period. The increase in long-
termm mortality was caused by a significant increase of vascular mortality 
(deathh rate ratio 1.3). It was concluded that radiotherapy would be expected 
too produce an absolute increase in 20-year survival of about 2-5% without 
long-termm hazard. The average long-term vascular mortality hazard would, 
however,, reduce this benefit in young women and reverse it in older women. 
Thee increase in non-breast cancer related deaths in some of the older trials 
thatt were analyzed has also been associated with an increase in cardiac 
mortality,, caused by the use of old irradiation techniques in these trials. 

TableTable  1. Isolated local recurrences and specific survival as reported in a meta-
analysisanalysis of randomized trials comparing surgery plus radiotherapy with 
surgerysurgery alone in early stage breast cancer [1]. Both mastectomy and breast 
conservingconserving surgery are included. 

Follow-u pp Surger y Surger y plu s Absolut e differenc e 
(years )) alon e (%) radiotherap y (%) (%) 

Loca ll  recurrence s 

Overal ll  mortalit y 

Breas tt  cance r 
specifi cc  mortalit y 

Non-breas tt  cance r 
specifi cc  mortalit y 

10 0 
20 0 

10 0 
20 0 

10 0 
20 0 

10 0 
20 0 

27.2 2 
30.1 1 

45.5 5 
64.1 1 

39.6 6 
51.4 4 

9.8 8 
26.2 2 

8.8 8 
10.4 4 

43.4 4 
62.9 9 

36.6 6 
46.6 6 

10.8 8 
30.5 5 

-18.5(2p<0.0001) ) 
-19.7(2p<0.0001) ) 

-2.1 1 
-1.2(2p=0.06) ) 

-3.0 0 
-4.8(2p=0.0001) ) 

+1.0 0 
+4.33 (2p=0.0003) 
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AA highly significant reduction of breast cancer specific mortality of 3% 
afterr 10 years and 4.8% after 20 years was found. The reduction of 
locoregionall recurrences with radiotherapy was also highly significant. In the 
EBCTCGG meta-analysis it is shown that isolated local recurrences can be 
reducedd by approximately 70% with additional radiotherapy after 
mastectomyy or breast conserving surgery in early stage breast cancer 
patientss (Table 1). 

Radiotherap yy afte r mastectom y 

Althoughh the EBCTCG meta-analysis results have been published after 
thee publication of individual trial results, the meta-analysis was based on 
olderr data with a shorter median follow-up for some of the trials. The meta-
analysiss also included trials that made use of old irradiation techniques or 
trialss in which no adjuvant chemotherapy was given. The results of this 
meta-analysiss may therefore underestimate the gain that can be reached 
withh more recent treatment techniques. The results after a median follow-up 
timee of at least 10 years of large randomized trials using more modern 
radiotherapyy techniques show that in high risk pre- and postmenopausal 
womenn receiving chemotherapy after mastectomy, the addition of adjuvant 
radiotherapyy results in an improved overall survival of as much as 8%-9% at 
10-yearss [39,40,45]. In these studies breast-cancer specific survival was not 
offsett by an increase of non-breast cancer related deaths in the 
radiotherapyy groups. In a more recent meta-analysis of randomized trials in 
whichh postmastectomy radiotherapy was given in combination with adjuvant 
systemicc therapy and modern radiotherapy treatment to high risk stage lll-IV 
pre-- and postmenopausal breast cancer patients, it was concluded that 
overalll survival was significantly improved with an odds ratio of 0.82 (95% 
confidencee limits 0.72-0.92) [37]. The locoregional recurrence rate was 
reducedd by a factor of 2-4 for patients receiving mastectomy, chemotherapy 
andd adjuvant radiotherapy. 

Thesee results suggest that with the introduction of better irradiation 
techniques,, late cardiac mortality as found in the older trials is no longer a 
problem.. Although late cardiac mortality might not anymore be significantly 
increasedd in a large, heterogeneous population of patients, it is known that 
thee dose to the heart varies widely between individual patients, even with 
thee use of modern treatment techniques. This implies that there might still 
existt a subgroup of patients that are still at risk for late cardiac mortality. 

10 0 
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Interna ll  mammar y and medio-supraclavicula r lymp h nod e chai n 

Thee incidence of involvement of the internal mammary medio-
supraclavicularr (IM-MS) lymph node chain ranges from 10% in axillary node 
negativee patients with central or medial tumour location to about 50% in 
patientss with axillary node invasion. In spite of this significant involvement 
thee usefulness of irradiating the IM-MS lymph nodes remains controversial. 
Inn a large number of studies a significant decrease in locoregional 
recurrencee was a consistent finding [12,19], although a survival benefit 
couldd not be clearly demonstrated. Some reports have even shown 
detrimentall effects on long term survival [5,6]. In a meta-analysis performed 
byy the Early Breast Cancer Trialists' Collaborative Group, however, long-
termm breast cancer deaths were demonstrated to be reduced in irradiated 
patientss [6]. Because of these controversies a large EORTC phase III 
randomisedd trial [62] was started in 1996 to investigate the effect of IM-MS 
irradiationn in stage l-lll breast cancer on overall survival and cause-specific 
mortality. . 

Axillar yy  regio n 

Thee presence or absence of axillary lymph node involvement is 
importantt for prognosis and staging of patients with breast cancer. Clearing 
thee axilla improves regional tumor control and may improve survival in some 
casess [21,36]. Axillary lymph nodes are involved in about 40% of the 
patients.. In the remaining 60% no therapeutic benefit is gained from axillary 
nodee dissection but these patients are exposed to the considerable 
morbidityy associated with this procedure [27,54]. In order to reduce the 
associatedd surgical morbidity, sentinel node biopsy has been investigated 
ass a means of axillary staging. Sentinel node biopsy is a much more limited 
surgicall procedure with less associated morbidity. If the sentinel node 
biopsyy is negative, then no axillary lymph node dissection is needed. A 
seriess of randomized clinical trials, in which simple mastectomy was the 
primaryy surgical procedure, have compared axillary lymph node dissection 
withh axillary radiotherapy. With respect to the endpoint of survival generally 
noo differences were found between the two approaches. The axillary 
recurrencee rates varied between 3-19% for all trials and between 3-12% for 
thosee using megavoltage radiation equipment in these studies [2,11,13,31]. 
Inn clinical series on the effectiveness of axillary radiotherapy in the treatment 
off early stage breast cancer in the context of breast conserving therapy the 
axillaryy recurrence rates vary mostly between 0.6-3.6% [4,22,66]. A large 
EORTCC phase III randomised trial [63] was started in 2001 to compare 
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completee axillary node dissection with axillary radiotherapy after positive 
sentinell node biopsy staging. The primary endpoint is axillary recurrence. 
However,, shoulder function analysis, quality of life assessment and 
quantifyingg the morbidity of the treatment, are important secondary 
endpointss as well. 

Normall tissue complications 

Dose-effec tt  relationshi p 

Thee benefit of breast cancer treatment using radiotherapy must always 
bee weighted against the possible side effects of radiation treatment. The 
effectt of radiotherapy on the normal tissues is primarily dependent on the 
typee of organ and the dose the organ receives. In general, a higher dose will 
resultt in a higher chance on complications. Furthermore, an increase in the 
volumee that receives a high dose will in general result in a higher 
complicationn rate. Dose fractionation is also an important factor. A 
radiotherapyy treatment that results in a certain tumour control given with low 
dosee per fraction will result in less complications compared to a large dose 
perr fraction. The effect of radiation on normal tissues can be described by a 
three-dimensionall dose-volume effect. 

FigureFigure  1. The normal tissue complication probability (NTCP) is a function of volume 
andand dose. In this figure the NTCP for excess late cardiac mortality according 
toto Gagliardi et al. is shown. 

12 2 
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Otherr patient and treatment related factors like age, smoking, comorbid 
illnesss and adjuvant chemotherapy can also influence the radiation effect on 
thee normal tissues. The main organs at risk in radiotherapy of the breast are 
thee skin, shoulder including nerves and muscles, lungs and heart. 

Skin ,, shoulde r and lun g 

Swelling,, soreness and erythema are early side effects of the skin that 
cann already appear during external radiotherapy treatment. However, these 
complicationss are mostly transient effects that settle down after 4-6 weeks. 
Latee cosmetic side effects of the skin (after more than 6 months) include 
telangiectasiaa and fibrosis. Total breast doses higher than 50 Gy [60,64] 
andd a dose per fraction equal or higher than 2.5 Gy [52,64] can result in 
severee fibrosis. Significant dose inhomogeneity is also associated with 
worsenedd cosmetic outcome [52][60]. 

Armm edema (0-2%), shoulder malfunction (1%) and brachial plexus 
neuropathyy (<1%) are observed as possible side effects of axillary 
irradiationn [43]. Brachial plexus neuropathy seems to be a result of 
inappropriatee field junction techniques, resulting in high fraction doses and 
highh overall doses in the brachial plexus. For example, aggressive 
postoperativee telecobalt therapy to the axillary, supraclavicular and 
parasternall lymph node regions was given to a group of 71 patients 
operatedd for breast cancer with total mastectomy and axillary clearance [25]. 
Thee prescribed dose to these lymph node regions was 44 Gy in 11 fractions. 
Afterr a few years symptoms and signs of brachial plexus injury appeared in 
manyy patients. After 34 years 11 of 12 patients who were still alive had 
paralysiss of their arms. The use of large daily fractions, which is not often 
usedd anymore, in some cases combined with hot spots from overlapping 
fields,, was certainly the cause of the complication. 

Changee in pulmonary function due to partial irradiation of the lungs is 
anotherr possible subacute side effect. Much work has been done to 
describee the pulmonary effects of radiotherapy. The normal tissue 
complicationn model developed by Lyman can be used to describe the dose-
effectt relationship for radiation pneumonitis [35]. It is shown that a 
simplificationn of this model, in which the lungs are assumed to be a pure 
parallell organ, can be used to predict radiation pneumonitis and pulmonary 
functionn loss after treatment for breast cancer [29,61]. 

13 3 
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Hear t t 

Thee EBCTCG meta-analysis showed that radiotherapy after surgery 
wouldd increase the 20-year survival with 2-4% instead of the 1.2% found in 
thee analysis if it would not be compromised by the decrease in 20-year 
survivall due to vascular mortality [1]. Information was not collected centrally 
onn carotid artery or cardiac exposure to radiation, so direct determination 
whetherr the increase in vascular deaths was related to such exposure was 
nott possible in the analysis. Recently, there has been growing awareness of 
thee possible cardiac complications of breast cancer radiotherapy. Ischemic 
heartt disease and coronary artery disease have been recognized as 
'importantt late manifestations of radiation' [57]. These complications can be 
separatedd according to their respective end points: mortality (ischemic heart 
deathh or myocardial infarction) and morbidity (decreases in cardiac 
function). . 

Somee studies show increased symptomatic cardiac morbidity after 
irradiationn of the heart due to treatment of Hodgkin's disease [48]. Non-
symptomaticc reduction in myocardial perfusion detected by scintigraphy or 
leftt ventricular dysfunction detected by echocardiography is occasionally 
foundd for patients treated for breast cancer. However, these differences 
weree usually temporary and not correlated with symptomatic morbidity 
[16,20]. . 

AA number of large randomized trials have shown an increase in late 
cardiacc mortality for left-sided breast cancer patients treated with 
radiotherapyy [15,17,41,51]. The importance of late side effects has grown 
duee to the improved long-term survival for breast cancer patients. Although 
thee risk of a fatal complication does not seem to be very high, the 
seriousnesss of this complication and the large prevalence of breast cancer 
justifyy further reduction of this complication risk. 

Inn 1971 Stewart and Fajardo [56] used a nominal standard dose model 
too quantify the radiation-induced heart disease dose-effect relationship. 
However,, the validity of this model to predict radiation complications 
resultingg from postmastectomy irradiation is questionable [38]. 

Inn 1996 Gagliardi et a/, used the Lyman model to describe the dose-
effectt relationship for late cardiac mortality [14]. The clinical data from the 
'Stockholmm trial' [51] and the 'Oslo trial' [24] were used to derive the model 
parameters.. Although the data of a large number of patients (Stockholm: 
9599 patients, Oslo: 356 patients) were used to estimate the clinical 
incidencee of excess cardiac mortality, the confidence interval around these 
clinicall values remains relatively wide. This is mainly due to the low absolute 
incidencee of radiation-induced cardiac mortality and the uncertainty in the 
incidencee of cardiac mortality in the unirradiated control groups. 

14 4 
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Thee same group of investigators also estimated model parameters using 
thee data of 157 Hodgkin's disease patients [8]. In this study a significantly 
increasedd risk of death due to ischemic heart disease following radiotherapy 
forr Hodgkin's diseases was found. The risk increased with dose and 
irradiatedd volume. However, an unambiguous parameter set describing both 
thee breast cancer patient group and the Hodgkin's disease patient group 
couldd not be found. This finding suggests that further possible 
improvementss of the model should be made such as the incorporation of the 
enhancingg effect of chemotherapy. 

Radiotherap yy treatmen t technique s 

Thee clinical target volume (CTV) for radiotherapy is the volume that is 
consideredd to be at risk for loco-regional recurrences and should be treated 
too an adequate dose. Depending on the stage of the disease the clinical 
targett volume may consist of the whole breast after breast conserving 
therapyy or the thoracic wall after mastectomy, but may also include the 
internall mammary, supraclavicular and axillary lymph nodes. The 
surroundingg organs at risk (ORs) should receive as little dose as possible. 
Therefore,, the position and extent of the CTV and ORs should be well 
known.. Usually the beam arrangement is determined on a simulator based 
onn the outline of the patient and fluoroscopy images in which the bony 
anatomyy is visible. The CTV is then assumed to lie within some predefined 
bonyy anatomy landmarks (e.g. the sternum, ribs and coracoid process). 

Thee location of the breast CTV can also be determined with the aid of 
CT.. Systematic quantification of intra- and interobserver variation in the 
delineationn of CTVs has been performed for a number of treatment sites, 
e.g.,, prostate, lung and brain tumours [10,33,46,53,59,68]. Overall observer 
variationss were relatively small for prostate tumours (approximately 3 mm, 1 
SD),, compared to lung tumours, where differences of several centimetres 
havee been observed. However, such data were not available for the breast. 

Thee location of the lymph nodes can be determined directly using 
lymphoscintigraphyy or indirectly using sonography or CT. Because the 
lateralizationn and depth of the IM lymph nodes vary between individuals 
[47,58],, standard field sizes are not always applicable and the lymph nodes 
havee to be localized individually to determine the correct field borders. 
However,, no comparison of the accuracy of these three measurement 
techniquess has been performed previously. 

Inn combination with the beam arrangement the proper beam modality 
(photonss or electrons) and beam energy have to be chosen to produce a 
homogeneouss dose in the target volume and minimize the dose to the ORs. 

15 5 
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Theree is a number of techniques developed to irradiate the breast and 
locoregionall lymph nodes either using specifically mono-isocentric 
techniquess [28,44,50], or multiple isocentre techniques [30,32,49,67]. These 
techniquess all solved part of the field matching problems, but did not 
addresss the differentiation of the technique according to the location of the 
lymphh nodes in individual patients. A comparison of techniques based on 
equall 3D dose calculation algorithms and equal CTV localization information 
hass not yet been published. During the last years intensity modulated 
treatmentt techniques have been developed, mainly to provide a more 
homogeneouss dose in the breast [3,9,23,26,34]. There are little data on the 
effectivenesss to reduce the dose to the lung and heart using intensity 
modulationn compared to non-intensity modulated treatment techniques. 

Thesi ss aims 

Thee aim of this thesis is the improvement of radiotherapy treatment 
techniquess for breast cancer patients. The main focus was to develop 
conformall irradiation techniques that irradiate less heart than currently used 
techniques.. First, studies were performed to quantify and improve target 
volumee localization and delineation (Chapters 2 and 3). Second, new 
treatmentt techniques were developed and treatment-planning studies were 
performedd to quantify the reduction in lung and heart dose resulting from 
thesee techniques (Chapters 4 to 7). A study comparing two different arm 
supportt devices was performed to establish which support in combination 
withh tangential fields to irradiate the left breast would lead to the least 
amountt of lung and heart inside these treatment fields (Chapter 8). Quality 
assurancee procedures were implemented for a large multi-centre 
randomisedd clinical trial investigating the effect of IM-MS irradiation 
(Chapterr 9). Finally, suggestions for future research and further treatment 
improvementss were given (Chapter 10). 
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Abstract Abstract 

Purpose.Purpose. To determine the intra- and interobserver variation in 
delineationn of the target volume of breast tumors on CT scans in order to 
performm conformal radiotherapy. 

MethodsMethods and materials. The clinical target volume (CTV) of the breast 
wass delineated in CT slices by four radiation oncologists on our clinically 
usedd delineation system. The palpable glandular breast tissue was marked 
withh a lead wire on 6 patients before CT scanning, while four patients were 
scannedd without a lead wire. The CTV was drawn three times by each 
observerr at separate occasions. Planning target volumes (PTVs) were 
constructedd by expanding the CTV by 7 mm in each direction, except 
towardss the skin. The deviation in the PTV extent from the average extent 
wass quantified in each orthogonal direction for each patient to find a 
possiblee directional dependence in the observer variations. In addition, the 
standardd deviation of the intra- and interobserver variation in the PTV 
volumee was quantified. For each patient the common volume delineated by 
alll observers and the smallest volume encompassing all PTVs were also 
calculated. . 

Results.Results. The patient averaged deviations in PTV extent were larger in 
thee posterior (42 mm), cranial (28 mm) and medial (24 mm) directions than 
inn the anterior (6 mm), caudal (15 mm) and lateral (8 mm) directions. The 
meann intraobserver variation in volume percentage (5.5%, 1 SD) was much 
smallerr than the interobserver variation (17.5 %, 1 SD). The average ratio 
betweenn the common and encompassing volume for the four observers 
separatelyy was 0.82, 0.74, 0.82 and 0.80. A much lower combined average 
ratioo of 0.43 was found due to the large interobserver variations. The 
intraobserverr variation was decreased by a factor 4 on scans made with a 
leadd wire compared to scans made without a lead wire for the observer that 
placedd the lead wire. For the other observers no improvement was seen. 
Basedd on these results an improved delineation protocol was designed. 

Conclusions.Conclusions. Intra- and especially interobserver variation in the 
delineationn of breast target volume on CT scans can be rather large. A 
detailedd delineation protocol, making use of CT scans with lead wires 
placedd on the skin around the palpable breast by the delineating observer 
reducess the intraobserver variation. Better imaging techniques and 
pathologyy studies relating glandular breast tissue with imaging may be 
neededd to provide more information on the extent of the clinical target 
volumee in order to reduce the interobserver variation. 
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Introductio n n 

Radiationn therapy plays an important role in the management of patients 
withh breast cancer. Conventionally, postoperative radiotherapy of the breast 
iss delivered with rectangular tangential fields. The position of these fields is 
usuallyy determined at a simulator and encompasses the palpable glandular 
breastt tissue. The optimal gantry angle and collimator angle of these fields 
dependss on the medial and lateral extension of the palpable glandular 
breastt tissue and the curvature of the chest wall. With this technique there 
aree appreciable dose variations within the treatment portals (1,2), while the 
dosee to the lung and heart can still be high (3-6). Intensity modulation 
treatmentt techniques have been developed in order to reduce these dose 
variations.. Some of these techniques use tangential fields with a straight 
dorsall field edge (7-9). However, better conformation of the treatment fields 
too the target volume is needed to obtain a further reduction of the dose to 
thee organs at risk and to prevent underdosage of part of the target volume. 

AA prerequisite for conformal radiotherapy is accurate knowledge of the 
positionn and shape of the target volume. Therefore, it is important to 
quantifyy the variation in the delineation of the target volume. Valdagni et al. 
foundd large differences between clinical target volume (CTV) localization 
usingg standard anatomical borders, palpation and ultrasound (10). Bentel et 
al.al. showed that field borders based on surface anatomy are often 
significantlyy different from field borders based on CT-information (11). 
Therefore,, treatment techniques using conformal fields (12-16) should be 
implementedd with care, taking into consideration the uncertainty in the 
delineationn of the breast target volume. 

Systematicc quantification of intra- and interobserver variation in the 
delineationn of CTVs has been performed for a number of treatment sites, 
e.g.,, prostate, lung and brain tumors (17-22). Overall observer variations 
weree relatively small for prostate tumors (approximately 3 mm, 1 SD), 
comparedd to lung tumors, where differences of several centimeters have 
beenn observed. Many studies show that the interobserver variation is 
significantlyy larger than the intraobserver variation. However, such data are 
nott available for the breast. 

Thee aim of this study is therefore to determine the intra- and 
interobserverr variation in the determination of the target volume of the 
breastt on CT scans. 
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Method ss and material s 

Patien tt  dat a 

Thee data of 7 patients with breast cancer (of which five left-sided and 
twoo right-sided) were used in this study. CT scanning was performed with 
thee patient in supine position, arms lying along the side of the body. This 
proceduree is not used clinically, as our treatment fields are routinely defined 
usingg a simulator. The slice separation and slice thickness was 5 mm. The 
scanss included the whole breast with at least a 30 mm margin in the cranial 
andd caudal direction. For 6 patients, the extent of the palpable glandular 
breastt tissue was marked by one of the observers with a small lead wire 
priorr to the scan. For three of these patients, a scan was also made without 
thee lead wire. For patient 7, only a scan without a lead wire was made. 
Thus,, ten different CT-scan sets were available for this study. The patient 
agee varied between 46 and 79 years at the time of the CT-scan. 

Targe tt  volum e delineatio n 

Thee CTV was outlined on axial CT slices using a delineation protocol, of 
whichh a brief outline will be given. A standard window level (0) and width 
(500)) that was considered optimal for visibility of the glandular breast tissue 
wass used to display the images. If no lead wire was present, the delineation 
off the CTV was based on the visible breast parenchyma. If a lead wire was 
present,, the position of the wire could be used as an aid in the delineation of 
thee CTV. It was clearly stated in the protocol that, based on the CT data, the 
CTVV contours could still extend outside the region defined by the lead wire, 
orr be smaller than this region. After delineation, a 3D view was made. 
Thereafter,, the delineations could be edited based on this 3D view. Then, 
afterr editing, a new 3D view had to be made to check whether the target 
surfacee was smoothed properly. If this surface was not smooth, consecutive 
re-editingg could be performed until the observer was satisfied with the 
results.. The surface of the delineated CTV should be smooth, as it was 
assumedd that the CTV is smooth in reality as well. The CTV was assumed 
too start 5 mm below the skin. Four radiation oncologists delineated the CTV 
threee times for each patient. The CTV was delineated in all slices, except in 
thee middle part of the breast around the nipple, where every other slice 
couldd be skipped if no substantial contour changes were observed. A 
minimumm of one week was required between consecutive delineations of a 
particularr patient. None of the observers had knowledge of the CTVs 
outlinedd by the other observers. 

AA planning target volume (PTV) was constructed by expanding the CTV 
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77 mm. This margin was estimated to be adequate to account for the 
uncertaintyy in the patient set-up and CTV delineation. The expansion from 
CTVV to PTV was not performed towards the skin. The data analysis was 
performedd for the PTV, because it represents the volume used to define the 
shapee of the beams. This volume is the volume used to prescribe and report 
dosee and therefore the volume on which a treatment plan and its evaluation 
aree based (23,24). Hence, it can currently be considered the most relevant 
volumee for quantification of delineation variations. 

Dataa analysi s 
Thee most medial, lateral, anterior, posterior, cranial and caudal 

extensionss of the PTVs were determined. The extensions were determined 
byy automated calculation of the coordinates of a box just encompassing the 
planningg target volume. Thereafter, the deviations of all extensions from the 
averagee extension were calculated to find a possible directional 
dependencee in the observer variations. 

Consideringg the group of four observers, with three delineations per 
observerr for each of the ten CT-scan sets, the average volume V was 
definedd as the average of all N volumes outlined in one patient: 

11 O D 1 4 

VV = 77 2rf JL Vod = ~ Z j VO 
iviv 0=i d=\ 1 Z o=[ 

wheree O denotes the number of observers and D the number of 
delineationss of one observer in one CT-scan set. Vod denotes the volume of 
aa delineation of an observer in the specific CT-scan set and V0 the average 
volumee of the three delineations of one observer. The standard deviation of 
thee intraobserver variation around this mean is given by: 

Thee observer averaged intraobserver variation was calculated according 
to: : 

'-bhP'-n-W-'-bhP'-n-W-
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Thee standard deviation of the interobserver variation is given by: 

z--l^z--l^}}p(K,-vf--J\i(K,-vf p(K,-vf--J\i(K,-vf 
C>> = 1 

Becausee of the limited sample size when computing V0, the standard 
deviationn of the interobserver variation will contain an intraobserver 
component.. An estimate of the interobserver variation, correcting for this 
effect,, is given by: 

II  =jr -

Furthermore,, the encompassing volume for one observer and for all four 
observerss was defined as the volume encompassing the PTVs of one or all 
fourr observers in one patient, respectively. The common volume for one 
observerr and for all four observers was defined as the volume common to 
thee PTVs of one or all four observers, respectively. Thereafter, the ratio 
betweenn the common volume and encompassing volume was calculated for 
eachh observer individually and for all four observers combined. This ratio 
cann vary between 0, which means all delineations define a completely 
differentt volume, and 1, which means all volumes are completely identical 
withoutt any intra- or interobserver variation. Therefore, this ratio is not only 
aa measure for the differences in volume between delineations, but also a 
measuree for the difference in shape and place of the delineations. A 
comparisonn was also made of variations in delineations between patients 
markedd with a lead wire (scan sets 1L to 6L) and patients without lead wire 
markingg (scan sets 3,4,6 and 7). 

TableTable  1. Maximum deviations from the average extent of the PTV in three orthogonal 
directionsdirections (combined intra- and interobserver differences). 

Observe r r 
A A 
B B 
C C 
D D 

Averag e e 
Combined 1 1 

Anterio r r 
1.4 4 
2.1 1 
1.7 7 
1.0 0 
1.6 6 
5.5 5 

Maximu mm difference s (mm) 
Posterio r r 

4.8 8 
8.0 0 
8.4 4 

12.0 0 
8.3 3 

42.1 1 

Caudal l 
2.0 0 
6.5 5 
3.5 5 
3.0 0 
3.8 8 

14.5 5 

Crania l l 
1.5 5 

11.0 0 
5.0 0 

12.5 5 
7.5 5 

27.5 5 

Latera l l 
1.5 5 
2.5 5 
2.9 9 
4.4 4 
2.8 8 
8.4 4 

Medial l 
3.7 7 
12.2 2 
8.1 1 
8.5 5 
8.1 1 

24.5 5 

Average,, intraobserver variation 

Combined,, intra- and interobserver variation 
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Result s s 

Thee maximum difference in the extension of all 12 PTVs per patient (i.e., 
includingg the results of all observers) was largest in the posterior direction 
(42(42 mm, Figure 1). This is mainly caused by the difference between the 
observerss in the delineation of the posterior part of the target volume in the 
CTT slice that includes the nipple (Figure 2). The extent of the target volume 
inn the anterior and lateral direction is determined by the patient outline. 
Therefore,, the differences in the anterior (6 mm) and lateral (8 mm) 
directionss are small. As can be seen in Figure 1, the differences also vary 
betweenn patients. The larger lateral difference for patient 3 was caused by 
differencess in the delineation of the target volume close to the axilla for that 
specificc patient. As can be seen in Figure 1, the variation in the cranial and 
caudall directions is discrete with a 5 mm step size, which is equal to the CT 
slicee separation. 

Averagee range: 28 

LL 2L 3L 3 4L 4 5L 6L 6 7 1LL 2L 3L 3 4L 4 5L 6L 6 7 LL 2L 3L 3 4L 4 5I_ 6L 6 7 

Poste e ior r 

ff T 

Averagee range: 42 

II • 

--

1LL 2L 3L 3 4I_ 4 5L 6L 6 7 

Patientt number 

-J-J--

1LL 2L 3L 3 4L 4 5L 6L 6 7 

Patientt number 

.. Lateral 

Averagee range 

--

25 5 

| | 

--

--

TT T

11 1 

• • 
1LL 2L 3L 3 4L 4 5L 6L 6 7 

Patientt number 

FigureFigure  1. Maximum differences in the extent of the PTVs delineated per patient, 
averagedaveraged over all patients. 
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Thee maximum differences were also calculated separately for each 
patientt for all observers separately, based on three PTVs per patient, and 
combinedd for all four observers, based on 12 PTVs per patient. Thereafter, 
thee average over all patients for each observer (intraobserver variation) and 
forr all four observers combined (combined intra- and interobserver variation) 
weree calculated (Table 1). 

FigureFigure  2. Breast cross sections of 12 PTV delineations in an axial slice through the 
middlemiddle part of the breast. 

Thee combined differences were a factor of 3-5 larger than the 
intraobserverr differences in all directions, indicating that the interobserver 
variationn in extension is of more importance than the intraobserver variation. 

Thee patient averaged PTV ranged from 280 cm3 for patient 4 to 2228 
cm33 for patient 6 (Table 2). The PTV defined by the more experienced 
observerss A and B was for all 10 CT-scan sets smaller, on average 20% 
andd 33%, respectively, than the average volume defined by the two other 
observers.. The intraobserver variation ranged from 3% to 7% of the average 
volumee (1 SD). The interobserver variation corrected for the small sample 
size,, ranged between 11% and 27% (1 SD). On average, the interobserver 
variationn was approximately three times larger than the intraobserver 
variation. . 
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TableTable 2. Average volume and ratios between common and encompassing volume for 
thethe four observers separately. 

Observer r 
AA B C D 

** + w  n m * n X , Patient t 

1L L 
2L L 
3L L 
3 3 
4L L 
4 4 
5L L 
6L L 
6 6 
7 7 

Mean n 

* * 
Vi i 
668 8 
1106 6 
369 9 
280 0 
274 4 
274 4 
643 3 
1835 5 
1974 1974 
1031 1 

R,+ + 

0.90 0 
0.81 1 
0.86 6 
0.73 3 
0.84 4 
0.72 2 
0.88 8 
0.88 8 
0.80 0 
0.83 3 
0.82 2 

Vi i 

555 5 
997 7 
257 7 
287 7 
236 6 
223 3 
522 2 
1560 0 
1689 9 
706 6 

Ri i 

0.78 8 
0.84 4 
0.74 4 
0.72 2 
0.72 2 
0.67 7 
0.74 4 
0.72 2 
0.76 6 
0.68 8 
0.74 4 

Vi i 

731 1 
1288 8 
422 2 
419 9 
318 8 
295 5 
789 9 
2418 8 
2652 2 
1289 9 

Ri i 

0.87 7 
0.92 2 
0.78 8 
0.77 7 
0.81 1 
0.79 9 
0.82 2 
0.86 6 
0.84 4 
0.69 9 
0.82 2 

Vi i 

752 2 
1302 2 
374 4 
399 9 
324 4 
328 8 
869 9 
2426 6 
2597 7 
1155 5 

Ri i 

0.77 7 
0.85 5 
0.79 9 
0.74 4 
0.78 8 
0.78 8 
0.74 4 
0.86 6 
0.86 6 
0.83 3 
0.80 0 

V LL average volume (cm3) based on the delineations of one observer 

tt R,, ratio between common and encompassing volume based on the delineations of 
onee observer 

Thee ratio between the common and encompassing volume for the four 
observerss separately ranged from 0.67 to 0.92. The average ratio for the 
observerss was 0.82, 0.74, 0.82 and 0.80, implying that the intraobserver 
variationn was approximately equal for all observers. A much lower combined 
averagee ratio of 0.43 was found due to the large interobserver variations 
(Tablee 3). 

Thee effect of the presence of a lead wire around the palpable glandular 
breastt tissue on the intra- and interobserver variation was quantified by 
comparingg the delineation results in scan sets 3L, 4L and 6L to scan sets 3, 
44 and 6, respectively. The intraobserver variation, expressed by the ratio 
betweenn encompassing and common volume, decreased for all observers 
whenn a lead wire was present. The improvement was most pronounced for 
observerr A, who placed the lead wire. The ratio improved from 0.73 to 0.86 
forr patient 3, from 0.72 to 0.84 for patient 4 and from 0.80 to 0.88 for patient 
6.. Only in one case (observer B, patient 6) a decrease of the ratio from 0.76 
too 0.72 was found. The intraobserver variation in volume a (% volume, 1 
SD)) decreased considerably from 10% to 2% for patient 3, from 3% to 1% 
forr patient 4 and from 5% to 1 % for patient 6 for observer A that placed the 
leadd wire. For the other observers almost no improvement was seen. The 
improvementt was most pronounced for observer A, because, if a lead wire 
wass present, he delineated a volume that was more similar to the volume 
markedd by the lead wire than the other observers. The interobserver 
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variationn in volume did not improve by the placement of a lead wire. 
Thee differences in shape of the PTV were large as can be seen in the 

examplee given in Figure 3. The more experienced observers delineated a 
moree or less round target volume as seen from anterior, while the other 
observerss delineated a somewhat cylindrically shaped volume. This 
differencee might be due to the larger doubt non-experienced observers have 
inn the circumscription of the microscopic extension of the target volume. In 
orderr to prevent missing a part of the clinical target volume these observers 
aree inclined to delineate a larger target volume compared with more 
experiencedd observers. Starting with a large contour at the position of the 
nipple,, these observers are not inclined to decrease the contour size 
considerablyy in the cranial and caudal slices. 

TableTable 3. Average volume and ratios between common and encompassing volume for 
allall four observers combined. 

Patient t 

1L L 
2L L 
3L L 
3 3 
4L L 
4 4 
5L L 
6L L 
6 6 
7 7 

Mean n 

* * 
V V 

677 7 
1173 3 
355 5 
346 6 
288 8 
280 0 
706 6 
2060 0 
2228 8 
1045 5 

R+ + 

0.51 1 
0.58 8 
0.41 1 
0.39 9 
0.43 3 
0.39 9 
0.39 9 
0.46 6 
0.46 6 
0.33 3 
0.43 3 

a a 
4 4 
5 5 
6 6 
8 8 
7 7 
6 6 
7 7 
3 3 
3 3 
6 6 
5.5 5 

r* * 
13 3 
11 1 
23 3 
19 9 
13 3 
13 3 
17 7 
20 0 
20 0 
27 7 
17.5 5 

V,, average volume (cm3) based on the delineations of all four observers 

R,, ratio based on the delineations of all four observers 
L,, scans with lead wire 

a,, intraobserver variation (%volume, 1 SD) 
§§ I ' , corrected interobserver variation (%volume, 1 SD) 

32 2 



BreastBreast target volume delineation 

FigureFigure  3. Shape of a PTV of patient 7 as delineated by observers B and D. 

Discussion n 

Thee large differences found in the cranial and posterior direction were 
causedd by differences in the interpretation of extent of the CTV in the 
directionn of the axilla and dorsally along the thoracic wall. The difficulty in 
interpretationn of the extent of the CTV is caused by the lack of a clear 
borderr in the CT images between the breast parenchyma and fatty tissue. 
Thee breast parenchyma is slightly better visible in MR images. However, the 
graduall transition between the location of the glandular breast tissue and 
thee fat tissue will also in MR images lead to an unclear border between 
thesee tissues. 

Thee average range in the maximum cranial and caudal deviations is 
muchh higher than the discrete step size of 5 mm of the CT slice separation. 
Itt is therefore unlikely that a smaller CT slice separation will reduce these 
deviationss appreciably. 

Theree was not always a gradual transition in the delineations between 
adjacentt axial CT slices. This was caused by the inability of our current 
softwaree to view a complete 3D representation of the target during the 
delineationn process. In general, editing was done only once, because the 
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methodd of displaying the 3D view and re-editing is very labor-intensive. On 
average,, delineation of one target volume using this protocol took 
approximatelyy 30 minutes. 

TableTable  4. Ratios between common and encompassing volume for the four observers 
andand the results obtained using the improved protocol. 

Observe r r 
Patien tt  A B 

3LL  0.86 
4LL  0.84 
6LL  0.88 

0.74 4 
0.72 2 
0.72 2 

C C 
0.78 8 
0.81 1 
0.86 6 

D D 
0.79 9 
0.78 8 
0.86 6 

Averag e e 
0.79 9 
0.79 9 
0.83 3 

Improve d d 
protoco l l 

0.86 6 
0.88 8 
0.92 2 

Usingg the results from this study, we improved our delineation protocol. 
Firstly,, a radiation oncologist should always place a lead wire around the 
palpablee glandular breast tissue. The delineation of the CTV should be 
performedd by the radiation oncologist who placed the lead wire, or by a 
radiationn oncologist who was also present at the time the lead wire was 
placed.. Secondly, the CTV should be located inside the volume defined by 
thee lead wire, unless glandular breast tissue is still visible outside this 
volume.. Thirdly, delineation has to be performed using more advanced 
software,, capable of displaying the delineation simultaneously in axial, 
sagitall and coronal projections and in a 3D view. Also, editing of the 
delineationss should be more user friendly than in our current software. For 
example,, the change in shape of the volume should directly be seen in 3D 
whilee editing, without leaving the editing menu. The preliminary results 
presentedd in Table 4 suggest that the new guidelines result in a faster and 
moree consistent delineation of the target volume. In order to prevent 
streakingg artifacts of the wire in the CT images, we tested if an electricity 
wiree of 1.1 mm in diameter with a copper core of 0.5 mm would also be 
visiblee in a CT image. It appeared to be clearly visible without causing any 
streakingg artifacts. 

Often,, it is assumed that the CTV includes the complete palpable 
breast.. The results presented here are based on this assumption. However, 
itt could be very meaningful to study the location of the glandular breast 
tissuee in lumpectomy and mastectomy samples. This could lead to a better 
discriminationn between the part of the palpable breast that contains 
glandularr breast tissue and the part that does not contain glandular breast 
tissuee and could be excluded from the CTV. 

Thee intra- and interobserver variations in the delineation of breast target 
volumee on CT scans can be very large. A detailed delineation protocol, 
makingg use of CT scans with lead wires placed on the skin around the 
palpablee breast, combined with delineation software with full 3D viewing 
capacitiess can result in a small intraobserver variation. Studies relating the 
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positionn of the glandular breast tissue in the breast using lumpectomy or 
mastectomyy samples to breast imaging techniques might provide us more 
informationn on the extent of the CTV. This information could lead to a 
reductionn of the interobserver variations in the delineation of the CTV. 
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Abstrac t t 

Purpose.Purpose. An accurate IM lymph node localisation technique is required 
forr proper irradiation of the internal mammary (IM) lymph nodes in breast 
cancerr patients. Three techniques for direct or indirect localisation of the IM 
nodess were compared. 

MethodsMethods and materials. In 40 patients the IM node depth and lateral 
distancee from the patient midline were measured with lymphoscintigraphy 
andd the corresponding position of an IM vessel was measured with 
sonographyy and CT. The vessel measurements were compared to 
determinee the accuracy of sonography. The node and vessel data were 
insertedd into a mathematical model to determine the measurement accuracy 
off lymphoscintigraphy and CT for node detection in one intercostal space. 

Results.Results. Vessel depths measured by sonography were systematically 
tooo shallow and the lateral vessel position could not be accurately 
determined.. The mathematical model showed that the node depth and 
lateralisationn can be measured directly (and indirectly) by 
lymphoscintigraphyy (CT) within an accuracy (1 SD) of 5 mm (6 mm) in depth 
andd 6 mm (7 mm) in the lateral direction. 

Conclusions.Conclusions. Sonography is not a suitable technique for measuring the 
IMM vessel or node position. Lymphoscintigraphy and CT have measurement 
accuraciess for node detection that are acceptable for radiotherapy. 
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Introductio n n 

Inn approximately 20% of breast cancer patients the internal mammary 
(IM)) lymph nodes show metastatic invasion [1,2]. Some oncology centres 
includee the IM lymph nodes in the irradiation fields for medially located 
tumourss or when axillary nodes are involved [3,4]. Irradiation of the 
locoregionall nodes has shown benefits [5-7] but also an increase in 
irradiation-inducedd morbidity and mortality [8,9]. To reduce these negative 
sidee effects, it is necessary to use an irradiation technique that properly 
coverss the lymph nodes and the breast target volume, while irradiating as 
littlee heart and lung tissue as possible [10-12]. The lateralisation and depth 
off the IM lymph nodes vary between individuals [13,14]. Standard field sizes 
aree not always applicable and the lymph nodes have to be localized 
individuallyy to determine the correct field borders [15-19]. 

Withh the development of accurate IM lymph node irradiation techniques 
[17,20]] it is important that the position of the lymph nodes is determined with 
sufficientt accuracy. Inaccurate localisation of the lymph nodes can result in 
aa systematic positioning error in the irradiation of the nodes. If this error is 
largerr than the patient systematic set-up error at the treatment unit, it can be 
thee most dominant source for insufficient irradiation coverage of the nodes. 
Withh careful positioning of the patient for irradiation, a systematic set-up 
errorr of 2-5 mm (1 SD) can be reached [21]. If the accuracy for IM lymph 
nodee localisation is approximately 5 mm or smaller it will not dominate over 
thiss set-up error. The random set-up error is about 5 mm or smaller [21] but 
hass less influence on the dose distribution compared to the systematic 
errorss [22]. 

Inn this study three techniques, lymphoscintigraphy, sonography and CT, 
forr direct or indirect localisation of the IM lymph nodes were evaluated. 
Lymphoscintigraphyy is a standard technique for visualisation of the IM lymph 
nodess [23-25] and has the advantage of visualising the nodes directly. 
Disadvantagess are that not all the nodes are visualized and that the 
techniquee requires an intramuscular injection and is time consuming for the 
patientt since at least 2 hours have to pass between the injection and the 
localisationn scan. Sonography and CT do not have these practical 
disadvantages,, but the position of the IM lymph nodes can only be 
determinedd indirectly. The IM lymph nodes are situated close to the internal 
mammaryy artery and vein between the ribs and the pleura. If sonography or 
CTT is used, it has to be assumed that the nodes are situated close to these 
vessels. . 

Withh Doppler sonography the depth from the skin to the IM vessels and 
thee pleura can be measured in the intercostal spaces (ICSs) [26,27]. The 
depthh to the pleura can be used as an estimation of the maximum depth of 
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thee lymph nodes. The advantage of this technique is that it is a non-invasive 
proceduree that takes only about 10 minutes to perform. On a CT scan the IM 
vesselss are clearly visualized without the use of a contrast agent and the 
positionn of the vessels is easy to determine. The disadvantage is that it is a 
time-consumingg and costly procedure that is often not standard for these 
patients. . 

Inn this study three questions were investigated: 

1.. How accurately does sonography determine the vessel position? 
Inn this part of the study the sonography and CT measurements were 

comparedd to determine whether sonography is a reliable tool for 
determiningg the vessel position, and thereby indirectly the node position. 
Heree it was assumed that the vessel position determined on the CT scan 
wass the most accurate and could be used as a reference. 

2.. How accurately does lymphoscintigraphy determine the node 
position? ? 

Sincee no golden standard to determine the node position is available for 
comparisonn with the lymphoscintigraphy measurements, a more 
complicatedd approach was used for the analysis of the lymphoscintigraphy 
data.. The lymphoscintigraphy node measurements were compared to the 
vessell measurements on CT. The correlation between the node and vessel 
dataa and the variance of the measured data were inserted into a 
mathematicall model, based on a simplified structural Equation model (28). 
Inn contrast to the investigation of question 1, the measurement error to 
determinee the vessel position on CT was here taken into account. Unknown 
parameterss in this analysis were the size of the distribution of the distance 
betweenn the node and the vessel and the accuracy of CT to measure vessel 
positions.. By varying these unknown parameters, a range for the 
lymphoscintigraphyy measurement accuracy could be determined. 

3.. How accurately can a node position be estimated using the visible 
vessell position on CT? 

Usingg the mathematical model, the CT measurement accuracy for 
indirectt nod e detection was defined as the sum of the accuracy to 
determinee a vessel position and the size of the node distribution around the 
vessel.. Different combinations of these parameters were used to estimate 
thee CT measurement accuracy range for node localisation. 

Too summarize, the goal of the study was to investigate whether 
lymphoscintigraphy,, sonography and CT determine the position of the IM 
lymphh nodes directly or indirectly with sufficient accuracy for use in 
radiotherapy. . 
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Method ss and material s 

Selectio nn of patient s 

Fortyy patients to be treated with irradiation of the left or right side IM 
lymphh nodes participated in the study after written informed consent. The 
studyy was approved by the medical ethical committee of the Netherlands 
Cancerr Institute/Antoni van Leeuwenhoek Hospital, Amsterdam. The study 
includedd patients receiving irradiation of the IM lymph nodes only or in 
combinationn with irradiation of the breast or the thoracic wall after a modified 
radicall mastectomy. Nineteen patients had a mastectomy, while 21 patients 
underwentt breast-conserving therapy. In 21 patients the left side was 
treatedd and in 19 patients the right side. 

Inn all examinations, the patients were positioned similarly. For patients 
whoo had received a mastectomy the arm was placed along the side of the 
body,, as during irradiation. During the breast conserving treatment the 
patientss are irradiated with the ipsilateral arm abducted and placed in an 
armrest.. In this position it is not possible to enter the CT scanner and 
thereforee those patients kept the arms placed along the body and the hands 
underr the buttocks with the palm of the hand towards the Table. 

Placemen tt  of referenc e mark s 

Inn most patients the lymphoscintigraphic examination took place first, 
followedd by sonography and thereafter a CT scan. Usually the three 
examinationss were performed within one week. Before the first examination, 
referencee marks were painted with ink on the sternal notch and the xyphoid. 
Thesee marks were used during all examinations to determine the cranial-
caudall positions of the intercostal spaces and the lymph nodes. A straight 
linee connecting the marks through the middle of the sternum on the skin was 
usedd for measurements of lateralisation of lymph nodes or vessels. 

Nod ee and vesse l localisatio n procedure s 

Lymphoscintigraph y y 
Thee routine protocol for a lymphoscintigraphic examination was 

extendedd to include, apart from an anterior scan, a lateral scan. The 
patientss were injected at the subcostal level in the m. rectus abdominis to 
justt above the deep fascia with 60 MBq Technetium-99m nanocolloid on the 
affectedd side 2 hours prior to the scans. To visualize the position of the 
ICSs,, Cobalt sources were placed on the reference marks on the sternal 
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notch,, the xyphoid and on the sternum at the insertion of the 2 , 3 and 4 
ribs.. Anterior and lateral scans were made with a 15% 99mTc window at 141 
keVV and a 5% 57Co window at 120 keV. The window width of the Co 
channell was chosen such that the source brightness corresponded to 
typicall node brightness. Anterior and lateral Tc, Co and combined Tc+Co 
imagess were printed. A physicist measured the cranial-caudal distance from 
thee sternal notch and lateral distance and depth of the lymph nodes on the 
images.. As in the routine hospital protocol, the lymph node positions in ICSs 
2,, 3 and 4 were measured. To determine the intercostal space of a lymph 
node,, the cranial-caudal distance, compared to the position of the 
intercostall spaces determined on CT, and the Co sources on the ribs were 
used. . 

Sonograph y y 
Thee positions of the first four intercostal spaces were found using a 6-9 

MHzz transducer and were marked on the skin. With a transversal 
measurementt in each intercostal space the IM vessels were located. The 
examinationn was part of the daily workload and performed by the radiologist 
assignedd to the sonography for that day. In total seven radiologists 
participatedd in the study. In order to ensure that the protocol for this project 
wass followed, one or two physicists were present during the examination. 
Forr this project the radiologist was instructed to keep the transducer as 
perpendicularr to the Table as possible and to minimize the pressure of the 
transducerr onto the skin. The depth to the middle of the most lateral IM 
vessell (artery or vein) was measured and images were printed of each 
intercostall space. The physicist marked the position of the transducer on the 
skinn with a pen. After the measurements a flexible ruler was placed along 
thee middle of the sternum between the reference marks on the sternal notch 
andd xyphoid. The cranial-caudal distance from the sternal notch to each 
intercostall space and the lateral distance from the middle of the sternum to 
thee middle of the transducer were measured. The middle of the transducer 
indicatedd an approximate lateral position of the vessel. In combination with 
thiss measurement, the vessel position on the printed images gave the 
lateralisationn of the mammary vessel in each intercostal space. 

CTT scan 
Radioo opaque markers were placed on the reference marks on the 

sternall notch and the xyphoid and a radio opaque catheter was placed 
betweenn them along the sternum midline. The thorax was scanned with 5 
mmm slice thickness and slice separation without administration of a contrast 
agent.. A physicist and a radiation oncologist identified the most lateral IM 
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vessell by marking it in images of the first four intercostal spaces. The 
cranial-caudall distance, the depth from the skin and the lateral distance 
fromm the catheter to the vessel were measured. Only the vessels that could 
clearlyy be seen on the CT images were used in the analysis. 

Dataa analysi s 

1.. Accuracy of sonography to determine the vessel position. 
Thee correlation between the vessel positions measured with sonography 

andd CT was determined. All available data from ICSs 1-4 were used. 

2.. Accuracy of lymphoscintigraphy to determine the node position. 
Withh the mathematical model, described in the Appendix, we wanted to 

findd an expression for the accuracy of lymphoscintigraphy for lymph node 
detectionn using our measured node and vessel data. The final expression 
wass (Equation 12 in the appendix): 

CTCTNSNS = S DN S + S DV C - 2 C O VV C N S -CTvc - ^DNV  0 ) 

Thee subscripts are abbreviations of the following expressions: 'Node-
Scintigraphy'' (NS), 'Vessel-CT' (VC) and 'Distance Node-Vessel' (DNV). 

aNss = measurement accuracy (SD) of lymphoscintigraphy to 
determinee a node position 
SDNSS = standard deviation of the measure d node positions by 
lymphoscintigraphyy with respect to the patient midline or the depth from the 
skinn surface 
SDvcc = standard deviation of the measure d vessel positions by CT 
withh respect to the patient midline or the depth from the skin surface 
COVVC.NSS = covariance between the measure d vessel positions by CT 
andd the measure d node positions by lymphoscintigraphy 
aVcc = measurement accuracy (SD) of CT to determine a vessel 
position n 
O"DNVV = standard deviation of the distance between node and vessel 

Thee sigmas denote the unknow n quantities such as the measurement 
accuracyy of a technique or the standard deviation of the distance between 
thee node and the vessel. The values of these quantities have to be assumed 
too solve Equation 1. The model has constraints regarding the assumed 
valuee of GDNV (Equations 16-18 in the appendix). The denotations 'SD' and 
'Cov'' express the standard deviation and covariance of the measure d data. 
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Too calculate the covariance (COVVC,NS). the correlation between the node 
positionss determined from lymphoscintigraphy and the vessel positions 
measuredd on the CT scan must be determined. This can be done using 
correspondingg vessel and node positions for each intercostal space in each 
patient.. Node (or vessel) position data without a corresponding vessel 
(node)) position was not used in the analysis. 

3.. Accuracy of CT to estimate a node position using the visible vessel 
position. . 

Thee measurement accuracy for indirect node detection using CT is the 
summ of the CT accuracy for vessel detection and the width of the node 
distributionn around the vessel (Equation 14 in the appendix). The subscript 
'NC'' can be read as 'Node-CT: 

°NC=aVC + C TDNVV (2) 

where e 
GNCC = measurement accuracy (SD) of CT to determine a nod e position 

Byy combining Equations 1 and 2, the sum of a2
NS and o2

NC is a constant 
derivedd from the measurements (Equation 15 in the appendix): 

GNS+GNCC = S DN S+ S Dv c - 2 C 0 V v c , N S- (3) 

Result s s 

1.. Accuracy of sonography to determine the vessel position. 
Inn five patients the sonographic examination was not performed 

accordingg to the project protocol and CT scans were not obtained of two 
patients.. In a total of 34 patients, 104 corresponding vessel depths in ICSs 
1-44 were measured by sonography and CT. In Figure 1 the vessel depth 
measuredd by sonography is plotted against the vessel depth found by CT. 
Upp to about 40 mm depth on the CT scale there is a good correlation 
betweenn the data found by sonography and CT, r = 0.83, but the 
sonographyy measurements show a systematic deviation towards shallower 
depths.. The difference between depths measured by sonography and CT 
increasess with increasing vessel depth. On the average the vessel depth 
beloww 40 mm was 5 mm deeper measured with the CT scan compared to 
thee sonography measurements. At depths larger than 40 mm there is a poor 
negativee correlation between the depths found by sonography and CT and a 
largee spread in the data. 
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Noo correlation (r = -0.05) can be found between vessel lateralisation 
measuredd by sonography and CT (Figure 2). The figure shows 96 vessel 
positionss in ICSs 1-4 measured in 33 patients. The mean difference in 
lateralisationn found by sonography and CT is 2 mm but the spread in data is 
largee with a SD in difference of about 10 mm. 

00 10 20 30 40 50 60 

Vessell depth by CT (mm) 

FigureFigure  1. Vessel depth measured by sonography in the first four intercostal spaces 
plottedplotted against the corresponding vessel depth measured by CT. The line 
y=xy=x is shown. 

2.. Accuracy of lymphoscintigraphy to determine the node position. 
Inn one patient the lymphoscintigraphic examination was not performed 

accordingg to the project protocol and in five patients the lymph nodes were 
nott visualized. In one patient, only the lymph nodes on the contralateral side 
weree visualized. 

Wee separated the data into two independent groups representing 
measurementss in the depth direction and the lateral direction, respectively. 
Inn order to collect as much data as possible in each group, a measurement 
off a node or vessel position in the depth direction was included even if the 
measurementt in the lateral direction was not available, and vice versa. The 
analysiss with the mathematical model was performed separately for each 
group.. Further, the mathematical model required corresponding node and 
vessell data from each patient and intercostal space. This meant that vessel 
positionss without corresponding measured node positions, and vice versa, 
weree excluded from the analysis. After this exclusion, the remaining data 
wass unbiased only in ICS 2 and therefore we chose to perform the analysis 
usingg the data from this intercostal space only. 

Thee depth of the lymph node and the corresponding vessel depth from 
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thee CT scan in ICS 2 could be determined of 25 lymph nodes in 25 patients. 
Inn Figure 3 the depth of the lymph nodes, determined by 
lymphoscintigraphy,, is plotted against the vessel depth determined by the 
CTT scan. There is a positive correlation, r = 0.78, between the measured 
nodee depth and the vessel depth. The mean vessel and node depths agree 
withinn 1 mm (Table 1). 

60 0 

50 0 

o)) 40 

100 20 30 40 50 

Vessell lateralisation by CT (mm) 

60 0 

FigureFigure 2. Vessel lateralisation measured by sonography in the first four intercostal 
spacesspaces plotted against the corresponding vessel lateralisation measured by 
CT.CT. The line y=x is shown. 

TableTable 1. Mean, standard deviation and correlation coefficient of the data measured 
inin intercostal space 2. 

Depth h Lateralisation n 

mearivcc (mm) 
tmeanNSS (mm) 

^Dvcc (mm) 
§SDNSS (mm) 

"rVc,Nss (mm2) 

25.6 6 

26.3 3 

8.7 7 

7.8 8 

0.78 8 

26.6 6 

22.2 2 

5.7 7 

6.4 4 

0.33 3 

Meann of the vessel positions measured by CT. 
11 Mean of the lymph node positions measured by lymphoscintigraphy. 
** Standard deviation (SD) of the vessel positions measured by CT. 
§SDD of the lymph node positions measured by lymphoscintigraphy. 
"Correlationn coefficient between measured vessel and node positions. 
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Thee lateralisation of the lymph node and the corresponding vessel 
positionn in ICS 2 could be determined in 27 lymph nodes in 27 patients. 
Figuree 4 shows the lateralisation of lymph nodes measured by 
lymphoscintigraphyy plotted against the corresponding vessel lateralisation 

100 20 30 40 50 

Vessell depth in ICS 2 by CT (mm) 

FigureFigure  3. Lymph node depth in intercostal space 2 measured by lymphoscintigraphy 
plottedplotted aganst the corresponding vessel depth measured by CT. 

100 20 30 40 50 

Vessell lateralisation in ICS 2 by CT (mm) 

FigureFigure  4. Lymph node lateralisation measured by lymphoscintigraphy in intercostal 
spacespace 2 plotted against the corresponding vessel lateralisation measured 
byby CT. 
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measuredd on the CT scan. The lateral spread of the lymph nodes around 
thee vessels is larger than the spread in the depth direction. There is hardly a 
correlationn between the measured lateral node position and lateral vessel 
position,, r = 0.33. The mean lateral node position was 4.4 mm medial to the 
meann vessel position (Table 1). 

TableTable  2a. The value of oNS and oNC in the depth direction for different combinations 
ofof o~vc and ODNV-

ODNV V 

(mm) ) 
2.5 5 
3 3 
4 4 
5 5 

5.5 5 

Ovcc — 1 mm 
T o N S S 

(mm) ) 
4.8 8 
4.6 6 
3.7 7 
2.2 2 
0 0 

*aNc c 
(mm) ) 
2.7 7 
3.2 2 
4.1 1 
5.1 1 
5.6 6 

ODNV V 

(mm) ) 
1.7 7 
2 2 
3 3 
4 4 

4.7 7 

Ovcc = 3 mm 

CNS S 

(mm) ) 
4.4 4 
4.2 2 
3.6 6 
2.4 4 
0 0 

ÖNC C 

(mm) ) 
3.4 4 
3.6 6 
4.2 2 
5.0 0 
5.6 6 

ODNV V 

(mm) ) 
0.3 3 
1 1 
2 2 

2.4 4 

CTvcCTvc = 5 Him 

ONS S 

(mm) ) 
2.4 4 
2.2 2 
1.4 4 
0 0 

ONC C 

(mm) ) 
5.0 0 
5.1 1 
5.4 4 
5.5 5 

Thee highest and lowest values of ODNV, to determine the range of oNS, have been 
foundd according to Equations 16-18. 

oo isis = SD MS + SD vc — 2COVVC.NS — o vc — o DNV 
tt 2 _ 2 2 

OO NC ~~ O VC + O DNV 

TableTable  2b. The value of o~NS and oNC in the lateral direction for different combinations 
ofof Ovc and OQNV-

ODNV ODNV 

(mm) (mm) 
3.5 5 
4 4 
5 5 
6 6 
7 7 

Ovcc = 1 mm 
ÖNS S 

(mm) ) 
6.0 0 
5.7 7 
4.8 8 
3.5 5 
0 0 

ÖNC C 

(mm) ) 
3.6 6 
4.1 1 
5.1 1 
6.1 1 
7.1 1 

ODNV ODNV 

(mm) (mm) 
2.4 4 
3 3 
4 4 
5 5 

6.4 4 

Ovcc = 3 mm 
ÖNS S 

(mm) ) 
5.9 9 
5.6 6 
4.9 9 
3.9 9 
0 0 

<*NC C 

(mm) ) 
3.8 8 
4.2 2 
5.0 0 
5.8 8 
7.1 1 

ODNV ODNV 

(mm) (mm) 
1.6 6 
2 2 
3 3 
4 4 
5 5 

Ovcc = 5 mm 
ONS S 

(mm) ) 
4.7 7 
4.5 5 
3.9 9 
2.9 9 
0 0 

One One 
(mm) ) 
5.2 2 
5.4 4 
5.8 8 
6.4 4 
7.1 1 

Inn Table 1 the standard deviation of the measured vessel data by CT, 
SDVc>> the measured node data by lymphoscintigraphy, SDNS, and the 
correlationn coefficient between the vessel and node data, rVc,Ns. are given 
forr ICS 2. The accuracy of lymphoscintigraphy for node detection, oNS, was 
estimatedd according to Equation 1. In this Equation, cyc and GDNV are 
unknownn values. We inserted the values of GVC = 1 , 3 and 5 mm into 
Equationn 1, and calculated aNs for a range of values of CJDNV- The final 
paragraphh of the Appendix describes how the lowest and highest values of 
ÖDNVV were determined. Table 2 gives the results for the depth direction 
(Tablee 2a) and lateral direction (Table 2b). In accordance with Equations 2 
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andd 3 the sum of o2
Vc. O2DNV and G2

NS is constant. The maximum value of 
GNSS is 4.8 mm in the depth direction and 6.0 mm in the lateral direction. 

Thee value of CTDNV gives the width of the node distribution around the 
vessel.. As can be derived from Equation 1, an increase in this value gives a 
decreasee in the value of aNS. This can be interpreted as the larger the 
spreadd of nodes around the vessel, the more accurate lymphoscintigraphy 
iss for node detection, using this model to determine the measurement 
accuracy.. Also according to the model, the greater the value of cVc, the 
smallerr the value of oNs- This means that the more inaccurately the vessel 
positionn is measured by CT, the more accurately the node position is 
determinedd by lymphoscintigraphy. 

3.. Accuracy of CT to estimate a node position using the visible vessel 
position. . 

Inn Table 2 the accuracy of CT for indirect node localisation, aNc» can be 
foundd for different combinations of oVc and aDiw according to Equation 2. In 
accordancee with Equation 3 the sum of o2

NS and a2
NC is constant. With an 

increasingg value of ODNV or aVc the value of oNC increases. This means that 
iff either the node distribution around the vessel or the inaccuracy for vessel 
detectionn increase, the inaccuracy for node detection also increases. In the 
depthh direction there is a theoretical maximum value of GNC of 5.6 mm and in 
thee lateral direction of 7.1 mm. 

Discussio n n 

1.. Accuracy of sonography to determine the vessel position. 
Thee lateral vessel positions measured by sonography do not correlate 

withh the CT measurements. Under ideal circumstances for the sonography 
measurements,, the transducer was held perpendicular to the sternum 
midline,, parallel to the Table and with no pressure onto the skin. In practice 
thiss was difficult to accomplish since the anatomy of the patient determined 
thee angle at which the transducer could be held. Best correlation between 
sonographyy and CT was found in those patients that underwent breast-
conservingg therapy and had small breasts, i.e. the breast did not rise at an 
anglee above the ribs when the patient lay on her back. 

Thee sonography depth measurements showed a systematic error that 
increasedd with increasing vessel depth. For depths less than 40 mm it 
seemedd like the systematic error was related to the thickness of the tissue 
abovee the vessel, which was estimated on the CT images. This indicates 
thatt the transducer is pushed harder against the skin for patients with a thick 
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fatt layer compared to those with a thin layer. If the vessel is situated deeper, 
thee sonography error is even larger and the measurements are almost 
uncorrelatedd with the CT measurements. All these deep data points were 
obtainedd with patients with large breasts. For these patients it seems 
particularlyy difficult to measure without placing the transducer at an angle 
andd without pressure. 

Iff electron fields are used for irradiation of the IM lymph nodes, the 
systematicc underestimation of the vessel depth may lead to a systematically 
tooo low choice of electron beam energy and an underdosage of the IM 
lymphh nodes. The systematic error at vessel depths below 40 mm can 
possiblyy be corrected for by adding the mean difference, about 5 mm, 
betweenn CT and sonography to all depth measurements or by fitting a line 
throughh the data. Although such a correction seems an option, it is likely 
thatt the accuracy of the sonography measurement under routine conditions 
wouldd be even worse. According to the project protocol the radiologist was 
constantlyy aware to hold the transducer perpendicular to the Table and 
withoutt pressure to the skin. Correction of sonography depth measurements 
cann therefore only be recommended if similar data would be collected under 
routinee clinical conditions. It must also be taken into account that the 
measurementt result might be operator dependent. 

Thee systematic error in depth and the uncorrelated data in lateralisation 
showw that sonography does not accurately determine the vessel position 
andd therefore it is not a reliable technique for indirect lymph node 
localisation. . 

2.. Accuracy of lymphoscintigraphy to determine the node position. 
AA reasonable correlation between the node depth found by 

lymphoscintigraphyy and the vessel depth found by CT (r = 0.78) was 
present.. In the depth direction, the intercostal muscle and the endothoracic 
fasciaa limit the space for the lymph nodes. The nodes and the vessels 
shouldd therefore have approximately the same depth. The data confirmed 
thiss assumption since the mean vessel and node positions in depth agreed 
withinn 1 mm in ICS 2. 

Inn the lateral direction the correlation between the node and the vessel 
positionn was not so good (r = 0.33). In this direction there is more space for 
thee node distribution around the vessel, which could explain the weak 
correlationn with the vessel positions. No data concerning the width of the 
nodee distribution could be found in the literature. 

Too determine the accuracy of lymphoscintigraphy for node detection 
(aNS)) using the mathematical model and the measured data, the width of the 
nodee distribution around the vessel (ODNV). as well as the measurement 
accuracyy of CT to determine the vessel position (aVc). had to be assumed 
(Equationn 1). The vessel is clearly visible on the CT images and therefore a 
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goodd accuracy in the determination of the vessel position (cVc) can be 
expected.. Still, measurement errors can be caused by inaccuracies in 
placementt of the wire along the sternum midline and in measuring the 
laterall and depth distance to the vessel. 

Tablee 2 shows the relation in the model between oNS, oVc and O~DNV- The 
dataa in the columns show that a higher assumed aDNv results in a lower 
estimatedd value of cNS and thus a better measurement accuracy of 
lymphoscintigraphy.. The assumed value of oVc. as well as having an 
independentt effect on the estimated aNS, also determines the possible range 
forr GDNV (see Equations 16-18 in the appendix). 

Comparingg Tables 2a and 2b we observe that the model gives allowable 
valuess of GDNV that are smaller in the depth than in the lateral direction. This 
iss in accordance with the limitation in space for the nodes in the depth 
directionn by the intercostal muscle and the endothoracic fascia. From Table 
22 we can determine oNS for what we believe are reasonable values for aVc 
andd aDNv- In a 'worst case' scenario for the lymphoscintigraphy accuracy 
wheree the value of GNS in Table 2 has the highest allowable value, the 
measurementt accuracy of the CT scan, oVc. is 1 mm (1 SD), and the width 
off the node distribution has the smallest possible value. According to Table 
2,, the value of CTNS is then 4.8 mm in depth and 6.0 mm in the lateral 
direction.. In reality, the wire placement is rather difficult and the value of aVc 
iss probably slightly higher than 1 mm. We may then conclude that the 
accuracyy of lymphoscintigraphy for node localisation is 6 mm or better in the 
laterall direction and better than 5 mm in the depth direction. 

Thee analysis in depth and lateral direction was only performed in ICS 2, 
butt the results can be applied to the other ICSs if the data and the 
assumptionss made in the mathematical model can be assumed to be equal 
too ICS 2. Adding the data of ICS 3 to the analysis did not change the values 
off oNs significantly. 

3.. Accuracy of CT to estimate a node position using the visible vessel 
position. . 

Thee calculation of the accuracy of the CT scan for lymph node detection 
(GNC)) as the sum of two estimated parameters, ovc (the accuracy for vessel 
detection)) and ODNV (the standard deviation of the distance between node 
andd vessel), suggests that it is not possible to exactly determine oNC. 
However,, Equation 3 shows the relation between oNS, oNC and the 
measuredd data. To test the values of aNc determined in Table 2, a phantom 
experimentt was performed with lymphoscintigraphy, mimicking the in vivo 
situation.. The aNS found in this experiment was about 3 mm in depth and 1 
mmm in the lateral direction. Inserting these values for oNS into Equation 3, 
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givess values for oNC of 4.7 mm (1 SD) in depth and 7.0 mm in the lateral 
direction.. These values might seem high, but it has to be kept in mind that 
thiss accuracy is the sum of the accuracy of CT for vessel detection and the 
widthh of the node distribution around the vessel (Equation 2). Moreover, the 
inin vivo accuracy of lymphoscintigraphy is probably worse than that 
measuredd in vitro with a phantom. According to Table 2, the data allows 
valuess of GNS up to 4.8 mm for depth and 6.0 mm for lateralisation. 
Therefore,, looking at more realistic values of 3-5 mm of aNs in Table 2, the 
valuee of the accuracy of CT for node localisation (oNc) is probably about 5 
mmm in depth and 6 mm in lateralisation. 

Thee difference in the mean lateral node and vessel positions in ICS 2 
wass 4.4 mm. This might be a systematic difference introduced by our 
measurements,, since we always measured the most lateral of the IM 
vessels.. This difference in mean vessel and node position did not influence 
thee analysis of the random measurement errors, but it does have 
consequencess in the clinical practice. If a vessel position found by CT is 
usedd as a reference to determine the field borders for irradiation of the 
lymphh nodes, it is important to know any systematic differences in the 
positionn between the vessel and the node. Systematic measurement errors 
mustt also be known to determine a correct field border. To determine the 
systematicc measurement errors a more extended statistical analysis is 
requiredd with more data than were available in this study. 

Summar yy and conclusion s 

Althoughh sonography is a simple, fast and cheap technique its use 
cannott be recommended. In the lateral direction it is not possible to 
determinee the vessel position with sonography. In the depth direction, 
systematicc errors that are patient and probably operator dependent hamper 
thee use of sonography. If sonography must be used to determine the depth 
off the nodes because CT and lymphoscintigraphy are not available, a study 
off the systematic error under true clinical conditions is necessary for 
correction. . 

Despitee the lack of a golden standard to determine the exact node 
position,, it was possible to determine the measurement accuracy of 
lymphoscintigraphyy and CT for node detection in one intercostal space with 
aa mathematical model. Systematic measurement errors were not taken into 
accountt in the analysis. A requirement for the positioning accuracy of about 
55 mm (1 SD) or better was recommended for accurate irradiation. Under the 
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assumptionss used in the model it was shown that lymphoscintigraphy can 
determinee node positions within an accuracy of 5 mm (1 SD) in the depth 
directionn and 6 mm in the lateral direction, which is acceptable for 
radiotherapy.. Using CT the node positions can be determined within an 
accuracyy of 6 mm in the depth direction and 7 mm in the lateral direction. 
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Appendi x x 

Modell  for the CT and lymphoscintigraph y measurement s in one ICS 
Thee population average of the vessel position (distance to the midline or 

depthh from the skin surface) is denoted D$ and the random deviation from 
DOO in patient i is denoted D^. The (signed) distance between the lymph 
nodee and the vessel has a population average D£v • The random deviation 
inn this distance between the node and the vessel in patient i is denoted D'NV. 
Accordingg to this model, the vessel position in patient i is 

D£+D'vv (4) 

andd the lymph node position in patient i is 

DO+D'v+Djv+DU-- (5) 

Thee CT and lymphoscintigraphy measurements were assumed to have 
randomm and systematic measurement errors. The vessel position in patient i 
measuredd by CT, D'vc, and the node position measured by 
lymphoscintigraphy,, D^s, could then be described in the following way: 

DVCC = ( D $ + D V ) + E^ + EVC (6) 

D[
NSS = (p0 + DV + Dftv + D'NV )+ E^s5 + E'NS (7) 
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where e 
E*£,, EyC = systematic and random measurement error, respectively, of 
CTT (of a vessel), 

E ŝ
s,, E!

NS = systematic and random measurement error, respectively, of 

lymphoscintigraphyy (of a node). 

Estimatio nn of the rando m measuremen t error s 
Equationn 6 and 7 contain four systematic components: D*, E^ , D*v 

andd E*s
s. Since we only have two measurements (lymphoscintigraphy and 

CT),, it is impossible to solve the Equations for the systematic components. 
However,, by making some reasonable assumptions it is possible to estimate 
thee random measurement errors. It was assumed that D^ , D^v, E ĉ and 

E'NSS were normally distributed with variances o2
DV, a2

DNV, c2vc and c2
NS. 

Thesee variables were assumed to be independent, except D^ and DNV 

whichh had the covariance COVDV.DNV- This covariance was introduced since it 
couldd not be excluded that the width of the distribution of nodes around the 
vessell depended on the lateralisation or the depth of the vessel. Further it 
wass assumed that there existed a covariance between the vessel position 
ass measured by CT and the node position measured by lymphoscintigraphy. 
Calculatingg all variances and covariances from Equations 6 and 7 with these 
assumptionss we obtained the following Equations for the random errors: 

° D V C = aD V + aV CC (8) 

aDNSS =°DV +aDNV+ GNS+ 2 c o vDV,DN V (9) 

C0VDVC,DNSS =°DV + C0VDV,DNV ( 1 0) 

where e 
O~DVCC = standard deviation around the population mean of the vessel 
positionss measured by CT 
oDVV = standard deviation of the vessel distribution 
CTvcCTvc = measurement accuracy (SD) of CT to determine a vessel position 
<7DNSS = standard deviation around the population mean of the node 
positionss measured by lymphoscintigraphy 
O"DNVV

 = standard deviation of the distance between node and vessel 
aNss = measurement accuracy (SD) of lymphoscintigraphy to determine a 
nodee position 
COVDV,DNVV = covariance between the vessel position and the distance 
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betweenn the node and vessel 
COVDVCDNSS = covariance between the vessel position measured by CT and 
nodee position measured by lymphoscintigraphy 

Combiningg Equations 8-10 gives: 
GVCC + aNS + GDNV = GDNS + GDVC ~ 2covDVC,DNS  V 11/ 

Thee standard deviations oDNS and oDvc and the covariance COVDVC,DNS 
cann be estimated from the standard deviations and the covariance of the 
measurements.. The final Equation for the accuracy of determining the node 
positionss by lymphoscintigraphy is then: 

°NSS = SD?JS + SDye - 2COV vc,NS " <*VC " °DNV (1 2 ) 

where e 
SDNSS = standard deviation of the measure d data of the node positions by 
lymphoscintigraphy y 
SDvcc = standard deviation of the measure d data of the vessel positions by 
CT T 
COVVC.NSS = covariance between the measure d vessel positions by CT 
andd the measured node positions by lymphoscintigraphy with 
CovVC,NSS = S DVC ' S DNS 'r VC,NS ( 1 3) 

rvc,Nss = the Pearson correlation coefficient between the measure d vessel 
positionss by CT and the measure d node positions by lymphoscintigraphy. 

Thee measurement accuracy for indirect nod e detection using CT is the 
summ of the CT accuracy for vessel detection and the width of the node 
distributionn around the vessel: 
aNCC = aV C + G D N V ( 1 4) 

where e 
aNCC = measurement accuracy (SD) of CT to determine a node position. 

Byy combining Equations 12 and 14, the sum of o2
NS and o2

NC is a 
constantt derived from the measurements: 

°NSS +<*NC = SD?jS +SDV C - 2COVV C ,NS  (1 5) 

Limit ss  fo r ODNV 

Thee value of cNs w a s calculated by inserting a value of aVc i n t o Equation 
122 and thereafter varying the value of aDiw- One condition for the value of 
ODNVV is that a2

NS must be larger or equal 0. 
Anotherr condition is determined by the correlation coefficients rNiV, TV,NV 
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andd rNNV, where rNV is the correlation coefficient between the node positions 
andd the vessel positions, TV,NV between the vessel positions and the distance 
betweenn the node and vessel and rNNV between the node positions and the 
distancee between the node and vessel. 

Thesee correlation coefficients can be expressed as: 
2 2 

°DVV  +covDV,DNV tA~ 
r N i V == , 2 2 (16) 

G D V V G D VV + C D N V  +2COVD V D N V 

covDV,DNVV , . - ., 
rV,NVV = (17) 

aDV°DNV V 

2 2 
°DNV+C0VDV,DNVV  fAO, rN,NVV / 2 2 ==. (10) 

G D N v V a ° vv + ÖDNV  + 2 c o vDV.DNV 

Usingg Equations 8 and 10 and the measured data, and by assuming a 
valuee for o2

Vc. the correlation coefficients rNV, TV,NV and rNNV can be 
calculatedd for different values of CDNV- A value of ÖDNV is only valid if it 
resultss in rNV, rv,Nv and rNND between -1 and 1 (and a2

NS positive or zero). 
Inn the same way, Equations 16-18 can be used to determine the limits of 

oDNVV to estimate o2
yc, using an assumed or known value of o2

Ns and 
Equationss 8, 10 and 12. 
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Abstract Abstract 

Purpose.Purpose. To find an irradiation technique for loco-regional irradiation of 
breastt cancer patients which, compared with a standard technique, 
improvess the dose distribution to the internal mammary (IM) - medial 
supraclavicularr (MS) lymph nodes. The improved technique is intended to 
minimizee the lung dose and reduce the dose to the heart. 

MethodsMethods and materials. The standard technique consists of an anterior 
mixedd electron / photon IM-MS field. In the improved technique, an oblique 
electronn and an oblique asymmetric photon field are combined to irradiate 
thee IM lymph nodes. To irradiate the MS lymph nodes, a combination of an 
anteriorr electron and an anterior asymmetric photon field is used. For both 
thee standard and the improved technique, tangential photon fields are used 
too irradiate the breast. Three-dimensional (3D) treatment planning was 
performedd for 8 patients with various breast sizes for these two techniques. 
Dose-volumee histograms (DVHs) and normal tissue complication 
probabilitiess (NTCPs) were compared for both techniques. The field 
dimensionss and energy of the standard technique were determined at 
simulation,, whereas for the improved technique the fields were designed by 
CT-basedd treatment planning. 

Results.Results. The dose in the breast planning target volume was essentially 
thee same for both techniques. For the improved technique, combined with 
3DD localization information, an improvement in the IM-MS planning target 
coveragee is seen. The volume within the 95% isodose surface was on 
averagee 25% (range 0%-64% ) and 74% (range 43%-90%) for the standard 
andd improved technique, respectively. The heart generally receives less 
dosee with the improved technique. However, sometimes a small but 
acceptablee increase in lung dose is found. 

Conclusions.Conclusions. The improved technique, combined with localization 
informationn of the IM-MS lymph nodes, greatly improves the dose 
distributionn in the planning target volume for a large group of patients without 
significantlyy increasing the dose to organs at risk. 
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Introductio n n 

AA number of studies have shown that local control increases when loco-
regionall radiotherapy after breast-conserving surgery is given (1-3). In 
contrastt to previous studies an increase in overall survival is found in three 
recentlyy published prospective trials in which patients were randomized 
betweenn chemotherapy and radiotherapy or chemotherapy alone (4-6). To 
properlyy establish whether postoperative IM-MS chain irradiation is useful a 
largee phase III randomized EORTC trial started in 1996 (7). It has been 
suggestedd (8) that failure to show increase in survival in previous studies is 
duee to too high a heart dose (8,9). The reduction in breast cancer deaths is 
thenn countered by an increase of cardiac mortality. In addition, inadequate 
treatmentt techniques, resulting in possible underdosage of the internal 
mammaryy - medial supraclavicular (IM-MS) lymph nodes, could explain the 
adversee effects of radiotherapy found in some trials (8,9). This has led to an 
increasedd demand to optimize the treatment techniques to achieve 
maximumm loco-regional control without increased late cardiac toxicity 
(10,11). . 

Thee shape of the combined breast and IM-MS target volume and its 
locationn close to the heart and lung necessitates proper matching of 
treatmentt beams and lymph node localization to avoid high doses to the 
organss at risk and to guarantee adequate target coverage. These matching 
problemss were investigated by Karlsson and Zackrisson (12) and Jansson et 
at.at. (13), who developed treatment techniques which make use of the specific 
linearr accelerator characteristics of the Racetrack microtron, of which only a 
feww exist in the world. Others have developed more general applicable 
techniques,, either using specifically mono-isocentric techniques (14-16), or 
multiplee isocentre techniques (17-20). They all solved part of the matching 
problems,, but did not address the problem of differences in the location of 
thee lymph nodes between individual patients. 

Thee location of the lymph nodes can be assessed with sonography and 
lymphoscintigraphyy and spiral CT with contrast (21-25). Most lymph nodes 
aree located within 40 mm lateral to the sternum and up to a depth of 30 mm 
(22).. Therefore, many centers have chosen a standard IM-MS field size, 
acceptingg a small risk of a geographical miss. A drawback with using a 
standardd anterior IM-MS field together with tangential breast fields is that a 
loww dose region is very likely to be located either in the breast or in the IM 
region. . 

Inn our study, some limiting conditions regarding the implementation of an 
improvedd technique were defined beforehand. Firstly, the use of table 
rotationss between matching fields should be avoided to minimize patient 
movement.. Secondly, the technique should be easy to set-up at treatment, 
takingg no more time than the standard technique. Thirdly, it should be 
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possiblee to add axillary fields without changing the technique. Finally, the 
techniquee should be suitable to implement on most types of linear 
accelerators. . 

Thee goal of this study was to develop an alternative technique, which 
improvess the dose distribution in the IM-MS nodes for a large group of 
patientss and reduces the dose to the heart when compared with the 
standardd anterior IM-MS field technique. 

Method ss and material s 

Patien tt  selectio n and treatmen t plannin g 

DataData of eight patients with various breast sizes treated for left-sided 
breastt cancer were used retrospectively in this study. The breast planning 
targett volume (PTV) varied from 224 cc to 991 cc (average: 547 cc). The 
radiationn fields for the standard technique were defined at simulation. 
Afterwards,, the patients were CT scanned. The scans extended from the 
supraclavicularr region to the most caudal part of the lungs, with a 5 mm slice 
separation.. Radio-opaque cross markers were placed on the treatment field 
borderss defined at simulation in order to localize the treatment fields with 
respectt to the CT data. The patients were lying in a supine position on a flat 
CTT table of a CT scanner1 with the arms lying on the tabletop. For this study, 
thee treatment fields for the improved technique were defined retrospectively 
usingg the CT data. The technique can, however, be planned without using 
CTT data if the location of the organs at risk and the target volume are 
determinedd with an other localization technique (e.g., simulation or 
sonography).. The patients were selected on the basis of their anatomy, in 
suchh a way that various breast sizes were included in the study. Treatment 
planningg was performed using our 3D treatment planning system U-MPIan 
withh software version V339 (26). For photon beam dose calculations the 
octree/edgee model (27) is used in combination with the ratio of tissue-air 
ratioss algorithm to take inhomogeneities into account (28), whereas for the 
electronn beams a 3D implementation of the MDAH pencil beam model (29) 
isis applied. 

11 Philips Expander AV, Philips Medical Systems, Best, The Netherlands 
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Definitio nn of targe t volume s and organ s at ris k 

Thee contours of both lungs and the heart were defined using the CT 
data.. The breast target volume was directly outlined on each CT slice using 
thee visible breast parenchyma, guided by the skin marks marking the field 
borderss defined at simulation. The PTV was defined starting 5 mm beneath 
thee skin. Non-pathological IM-MS lymph nodes are hardly or not visible at all 
onn CT data. With the aid of other visible structures, the IM-MS clinical target 
volumee (CTV) was defined. The MS nodes were grouped with the internal 
mammaryy IM nodes in the same target volume since there is a continuous 
drainagee from the IM nodes to the MS nodes. The borders of the CTV of the 
MSS lymph nodes were: ventral: sternocleidomastoid muscle, dorsal: halfway 
betweenn sternocleidomastoid muscle and vertebral transverse processes, 
lateral:lateral: platysma and skin, medial: deep cervical muscles, cranial: thyroid 
cartilage,, caudal: clavicle. The CTV of the IM lymph nodes was assumed to 
bee located in an area of approximately 5 mm around the internal mammary 
vessels.. The CTV was delineated by two experienced radiation oncologists. 
Althoughh there is not a clear line between the internal mammary nodes and 
thee mediastinal nodes, concensus about the extent of the CTV could always 
bee reached. There was a gradual transition of the IM lymph nodes CTV into 
thee MS lymph nodes CTV. The IM-MS PTV was defined by expanding the 
CTVV volume with 5 mm. 

Standar dd techniqu e treatmen t pla n 

Forr retrospective analysis the fields of the standard technique were set
upp on the treatment planning system using the radio-opaque markers visible 
inn the CT-slices and the treatment parameters recorded on the patient 
treatmentt chart. Two symmetric tangential photon fields are used to irradiate 
thee breast. The field borders are defined at simulation. The dorsal edges of 
thee beam are made coplanar to decrease the amount of lung tissue 
irradiated.. An anterior field is used to irradiate the IM-MS lymph nodes 
(Figuree 1). Half of the dose of each single fraction is given with electrons in 
orderr to spare underlying structures and half of the dose is given with 
photonss to avoid a too high a skin dose. 
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FigureFigure  1. Geometry of the standard technique. The field width of the IM field varies 
duedue to the curvature of the breast and sternum. The light field of the IM-
MSMS photon field (light gray), the dorsal match plane (dark gray) and 
cranialcranial match plane (hatched) are shown. The isocentre of the tangential 
fieldsfields (lT) is located in the central plane. The IM-MS photon field 
(isocentre:(isocentre: IIM-MS) overlaps the tangential fields on the skin by 5 mm. The 
directiondirection of the IM-MS field is indicated by dashed arrows. Some contours 
ofof the IM-MS PTV are shown for clarity. 

Thee distance from the skin to the parietal pleura just beneath the internal 
mammaryy vessels is used to choose the appropriate beam energy of the IM-
MSS electron field. This distance is measured in the second, third and forth 
intercostall space using sonography. The electron energy is chosen to have 
thee 85% isodose covering the largest depth plus 5 mm, providing this does 
nott result in too high doses to the organs at risk. The lateralization of the 
lymphh nodes is not measured, and hence not used in the definition of the 
fieldd borders. The medial border extends 10 mm across midline to the 
contralaterall side, while the lateral border extends 50 mm ipsilateral. The 
caudall border is generally located at the fifth intercostal space to include the 
mediall caudal part of the breast. The cranial border lies 50-70 mm above the 
sternall notch. A block to shield the larynx is placed in the field if needed. As 
cann be seen in Figure 1, the field width of the IM-MS field varies due to the 
curvaturee of the breast and sternum. Therefore, an individual block is used 
too match the IM-MS field with the tangential fields. The shape of this 
individuall block is determined at the simulator using the field outline of the 
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tangentiall fields as drawn on the patients skin. At the cranial side, the L-
shapedd field approximately extends laterally to the middle of the clavicula, 
thuss including the medial supraclavicular nodes. For some patients there is 
ann indication to treat a larger volume, including the lateral supraclavicular 
nodess and axillary nodes. For these patients, a part of the cranial section of 
thee L-shaped field is replaced by an anterior-posterior photon field covering 
thee supraclavicular and axillary nodes and a posterior-anterior photon field 
coveringg only the axillary nodes. In order to properly match these fields with 
thee tangential fields, a cranial match plane is needed in which there is no 
divergencee of the tangential fields. Geometrical solutions to this problem are 
givenn by several authors (19,30-33) using gantry, collimator and table 
rotations. . 

FigureFigure  2. Geometry of the improved technique. The tangential fields are 
asymmetricasymmetric (half field) with the isocentre in a cranial match plane (lT). 
TheThe long IM-MS fields of the standard technique are separated in an IM 
partpart and a MS part. The ipsilateral border is always defined at 40 mm 
fromfrom the sternum midline. The light field of the IM (light gray) and MS 
(gray)(gray) photon fields as well as the dorsal (dark gray) and cranial 
(hatched)(hatched) match planes are shown. The isocentre of the IM and MS 
photonphoton fields (lIM.MS) is located at the intersection of the dorsal and cranial 
matchplanesmatchplanes on the skin. The IM photon field is matched to the tangential 
fieldsfields on the skin, whereas the IM electron field overlaps the tangential 
fieldsfields by 5 mm (not shown here). The directions of the IM and MS fields 
areare indicated by dashed arrows. Some contours of the IM-MS PTV are 
shownshown for clarity. 
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Improve dd techniqu e treatmen t pla n 

Thee patient is positioned on a breast board with the sternum horizontal. 
Too avoid table rotation, the tangential fields are asymmetric (half field) with 
thee isocentre in a cranial match plane which is perpendicular to the sternum 
midlinee (Figure 2). A combination of two photon fields and two electron fields 
iss used to irradiate the IM-MS region. The long standard IM-MS field is 
separatedd in an IM part extending from the fifth intercostal space to the 
craniall matchplane, and a MS part cranial to the IM part. The contralateral 
borderr extends 10 to 20 mm across midline, while the ipsilateral border is 
alwayss defined at 40 mm from the sternum midline. 

FigureFigure  3. Transversal slice through the middle of the breast for the standard (A) 
techniquetechnique using a 10 eV IM electron beam and improved (B) technique 
usingusing a 14 MeV IM electron beam for a particular patient (patient #3). 
NoteNote the low dose region present in the standard technique between the 
IM-MSIM-MS fields and the tangential fields. The breast target volume, IM target 
volumevolume and heart are shown. 
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Thee IM and MS photon fields are both set-up with SSD = 100 cm. The 
fieldss have the same isocentre; i.e. asymmetric fields are used. The 
energiess of the electron IM and MS fields are chosen using the available 3D 
CTT information. If no set-up errors and mechanical inaccuracies of the linear 
acceleratorr are present, a theoretically exact match of the IM photon field 
andd the tangential fields in the dorsal matchplane can be obtained by using 
gantryy rotation only, without the need for individual blocking in either the 
tangentiall fields or the IM photon field (19). 16 Gy in 8 treatment fractions is 
givenn with this photon field. 34 Gy in 17 treatment fractions is given with an 
obliquee electron field that overlaps the tangential fields by 5 mm on the skin. 
Thee electron field is turned away from the dorsal match plane by rotating the 
gantryy 7  less than the IM photon field. This angle was found to be sufficient, 
andd not very critical, to prevent under- and overdosages for the energy 
rangee of 6 to 20 MeV. An individual electron insert is used to shape the field. 
Thee MS electron and photon fields are anterior fields (gantry . These 
fieldss are not angled towards the dorsal match plane, which facilitates the 
matchingg of these fields with axillary fields and prevents large airgap 
variationss across the MS electron field. The separation of the parasternal 
fieldss and supraclavicular fields also enables the use of a 10 cm x 20 cm 
applicatorr available for EOS2 accelerators instead of the 25 cm x 25 cm 
applicator.. This results in less unwanted bremstrahlung from the field 
definingg high-Z material frame. Also to the MS region 16 Gy in 8 treatment 
fractionss is given with the photon field, while the MS electron field with the 
samee field size gives the complementary 34 Gy in 17 treatment fractions. 
Partt of the dose to the MS region is given with electrons in order to spare 
thee underlying brachial plexus and the esophagus and spinal cord. 

Thee use of half fields to irradiate the breast limits the use of the 
improvedd technique to a field length of 20 cm. By opening the closed jaw of 
thee tangential fields 20 mm, and shifting the cranial match plane 20 mm in 
thee caudal direction, a field length of 22 cm is created. The divergence of the 
tangentiall field out of the cranial match plane is then only . In our institute, 
thee tangential fields are shorter than 20 cm and 22 cm in approximately 65% 
andd 90% of all cases, respectively. 

Dos ee prescriptio n 

Thee treatment plans are normalized at the ICRU reference point of the 
breastt PTV (34). The ICRU reference dose was 2 Gy per fraction, with a 
totall treatment dose of 50 Gy. For the standard technique, the IM-MS 
electronn dose is specified at the depth of dose maximum. The photon dose 
off the IM-MS field is prescribed at a standard depth of 30 mm. For the 

22 Elekta Oncology Systems, Crawley, United Kingdom 
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improvedd technique, the dose of the IM and MS electron and photon fields is 
prescribedd at the middle of the IM and MS PTV . 

Dataa analysi s 

Dose-volumee histograms (DVHs) were computed for the breast and IM-
MSS target volumes and for the lungs and heart. For the two target volumes, 
thee volume receiving at least 95% of the reference dose was computed. For 
thee heart, the fraction of the heart volume receiving more than 10 Gy and 
moree than 40 Gy were computed. We have chosen 10 Gy to show that there 
iss a distinct difference between the two techniques in this dose region. 

Thee volume receiving a dose of 40 Gy or more represents the high dose 

20 0 400 60 80 100 
Dosee (%) 

120 0 

20 0 40 0 600 80 
Dosee (%) 

1000 120 

FigureFigure  4. Comparison between the standard (A) and improved (B) technique of 
dose-volumedose-volume histograms of the breast (1), IM-MS target volume (2), heart 
(3)(3) and lungs (4) for patient #2. Note the better IM-MS target coverage 
andand lower heart dose using the improved technique. 
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volume.. In addition the Normal Tissue Complication Probability (NTCP) for 
excesss cardiac mortality after 15 years has also been calculated using the 
relativee seriality model (35) with the parameter values of Gagliardi et al. (36). 
Thee mean lung dose was used to calculate the NTCP for radiation 
pneumonitiss (37,38). 

Results s 

Ann example of the dose distributions for both techniques in the axial 
slicee through the middle of the breast (Figure 3) shows that the dose 
distributionn in the breast is similar in both techniques. More specifically, the 
sizee of the high dose region (110% -115%) near the dorsal matchplane is 
similarr in both techniques. A low dose region (<70%) is present in the 
standardd technique between the IM-MS field and the tangential fields. In this 
particularr example, the IM-MS nodes are located in the low dose region. 
Withh the improved technique the target coverage of these nodes is 
improved.. With the standard technique a larger part of the heart is located 
insidee the IM fields, while in the improved technique more lung is included in 
thesee fields. 

11 Standard technique • Improved technique 

100 0 

33 4 5 6 
Patientt number 

FigureFigure  5. Breast volume receiving at least 95% of prescribed dose. No clinically 
importantimportant differences between the dose coverage of the standard and 
improvedimproved technique were found. 
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Thee average field width and field length of the tangential fields for the 
standardd technique were 9.6 cm (range: 5.9-13.0 cm) and 18.2 cm (range: 
15.0-21.5)) and for the improved technique 9.0 (range: 6.0-13.0 cm) and 17.2 
cmm (range: 15.0-20.0). The photon beam energy was usually 6 MV (10 
treatmentt plans), although 4 MV (1 treatment plan) and 8 MV (5 treatment 
plans)) photon beams were used, if this resulted in a better dose distribution. 
Thee energy of the tangential fields and IM-MS fields were kept the same for 
eachh plan. Wedge angles varied from  and from  for the 
standardd and improved technique, respectively. Gantry angle varied from 

 (average: ) and  (average: ) for the standard and 
improvedd technique, respectively. The collimator angle was always 0  for the 
improvedd technique, because a breast board was used, while it was on 
averagee 12  (range: ) for the standard technique. 

Thee DVHs of the breast did not differ much between patients and no 
significantt difference exists between the dose coverage of the breast using 
thee improved technique or the standard technique (Figures 4 and 5). The 
breastt volume receiving a dose of 95% or more was on average 95% 
(range:: 90%-99%) and 95% (range: 85%-98%) for the standard and 
improvedd technique, respectively. For the IM-MS region and the organs at 
riskk the histograms vary considerable between the patients due to their 
differentt anatomy and body outline. An average DVH of these volumes is not 
representativee for the patient group and therefore only DVHs for one patient 
aree given as an example in Figure 4. Additionally, bar graphs are presented 
inn which the data for each patient are depicted independently (Figures 5-7). 
AA large improvement of the IM-MS target dose coverage is seen in most 
patientss (Figure 6). The IM-MS volume within the 95% isodose surface was 
onn average 25% (range: 0%-64%) and 74% (range: 43%-90%) for the 
standardd and improved technique, respectively. The electron energy of the 
IM-MSS field in the standard technique varied between 10 and 14 MeV, while 
thiss varied between 10 and 20 MeV for the improved technique. The 
improvementt of the dose coverage, however, does not depend on this 
differencee alone. In patient #1, for example, part of the lymph nodes where 
locatedd in the low dose region between the IM-MS field and the tangential 
fieldss (Figure 3). In patient #4, the lymph nodes were located very deep, 
resultingg in poor dose coverage even for the improved technique using 20 
MeVV electrons. In general, a better dose coverage of the lymph nodes with 
thee improved technique could be obtained if even higher electron field 
energiess were used. This, however, would result in an unacceptable 
increasee of dose to the organs at risk compared with the standard technique 
andd was therefore not used. 
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•• Standard technique with field sizes defined at simulation 

•• Improved technique using CT-based treatment planning 

1 22 3 4 5 6 7 8 
Patientt number 

FigureFigure  6. IM-MS volume receiving at least 95% of prescribed dose. The numbers 
indicateindicate the energy of the IM-MS electron field (standard technique) or 
separateseparate IM and MS electron field (improved technique). 

Thee heart generally receives less dose using the improved technique 
(Tablee 1). Only patients #4 and #8 received a larger heart dose, resulting 
fromm the choice of an IM- electron beam energy of 20 MeV and 17 MeV in 
steadd of 14 MeV and 12 MeV, respectively. This high energy choice in the 
improvedd technique was based on the deeply located lymph nodes just 
anteriorr to the heart. Electron beam energies higher than 14 MeV were not 
usedd clinically for the standard technique, despite the fact that full coverage 
off the IM nodes was not achieved in patients #4 and #8. The combination of 
aa high energy with the standard IM-MS beam direction was expected to give 
aa too high dose to the organs at risk. The heart volume receiving a dose of 
400 Gy or more was on average 3.9% (range: 0.0%-7.7%) and 2.0% (range: 
0%-7.7%)) for the standard and improved technique, respectively. For a dose 
off 10 Gy or more these figures are 60% (range: 43%-80%) and 30% (range: 
23%-40%).. The NTCP values of excess cardiac mortality at 10-15 years, 
calculatedd according to the relative seriality model (35) with parameter 
valuess of Gagliardi et al. (36), are 2.3% (range: 0.2%-4.1%) and 1.5% 
(range:: 0.1%-5.8%) for the standard and improved technique, respectively. 
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DD Standard technique II Improved technique 

11 2 3 4 5 6 7 8 
Patientt number 

FigureFigure  7. Mean lung dose based on NTD corrected dose volume histograms 

AA small increase in the mean lung dose is sometimes found using the 
improvedd technique (Figure 7). The mean lung dose was on average 5.3% 
(range:: 3.0%-7.9%) and 6.4% (range: 4.0%-10.7%) for the standard and 
improvedd technique, respectively. The increase is due to a larger part of the 
lungg being irradiated with the IM field. The part of the lung which receives a 
highh dose due to the tangential fields is usually smaller for the improved 
technique,, partly counterbalancing the increase in lung dose due to the IM 
field.. The NTCP values for radiation pneumonitis (37,38) were on average 
0.3%% (range: 0.1%-0.7%) and 0.5% (range: 0.2%-1.5%) for the standard and 
improvedd technique, respectively. 

TableTable  1. Heart volume receiving at least 10 Gy (V10) or 40 Gy (V40) and NTCP of excess 
cardiaccardiac mortality at 15 years. 

Pat t 
# # 
1 1 
2 2 
3 3 
4 4 
5 5 
6 6 
7 7 
8 8 

V,0 0 

Standard Standard 
80 0 
65 5 
56 6 
49 9 
60 0 
65 5 
64 4 
43 3 

(%) ) 
Improved Improved 

23 3 
28 8 
32 2 
40 0 
26 6 
25 5 
27 7 
40 0 

V4o o 
Standard Standard 

2.9 9 
7.7 7 
4.1 1 
0.0 0 
3.3 3 
5.7 7 
4.0 0 
3.7 7 

(%) ) 
Improved Improved 

0.7 7 
1.5 5 
2.6 6 
0.8 8 
2.1 1 
0.0 0 
0.2 2 
7.7 7 

NTCP P 
Standard Standard 

2.0 0 
4.1 1 
2.4 4 
0.2 2 
1.9 9 
3.2 2 
2.5 5 
2.2 2 

(%) ) 
Improved Improved 

0.8 8 
1.0 0 
1.5 5 
1.0 0 
1.2 2 
0.1 1 
0.4 4 
5.8 8 

'Accordingg to Gagliardi ef a/., Brit. J. Radiol. 69, 839- 846, 1996 
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Thee maximum dose to the spinal cord was on average 4 1 % (range: 
33%-78%)) and 33% (range: 18%-56%). To calculate the dose to the brachial 
plexuss it is necessary to delineate this structure. However, it is almost 
impossiblee to clearly define the position of the brachial plexus on CT slices. 
Wee estimate that the dose to the brachial plexus for the improved technique 
willl be the same or less than for the standard technique, as a larger part of 
thee total dose in the new technique is given with electrons. 

Discussio n n 

Individualisatio nn of treatmen t pla n 

Cuzickk et al. (8) showed that excess cardiac mortality at 10 to 15 years 
afterr radiotherapy was the main factor counterbalancing a reduced number 
off deaths due to breast cancer obtained by adding postoperative 
radiotherapyy to mastectomy. The comparison of the NTCP of excess cardiac 
mortalityy between different treatment plans is therefore important to optimise 
radiationn treatment. The parameter values of the NTCP model were derived 
byy Gagliardi et al. (36) by making new treatment plans, representing the 
variouss techniques used in the Stockholm and Oslo trials on a group of 10 
modell patients using CT data, assuming homogeneous radiation sensitivity 
withinn the volume of the heart and myocardium. One of their assumptions 
wass that the treatment technique has a larger influence on irradiated heart 
volumee than the interpatient variation. When individualized techniques are 
usedd on the basis of the localization of the IM-MS lymph nodes, this 
assumptionn seems no longer to be valid. Although in general, the improved 
techniquee results in a lower heart dose, a higher dose is found for some 
patients.. It is important to identify this subgroup in order to decide which 
techniquee is best for them. 

Wee have shown that there is a distinct improvement in the dose 
coveragee of the lymph nodes using the improved technique. It should be 
stressedd that this is due to the combination of obliquely incident IM fields in 
combinationn with more detailed information about the localization of the 
lymphh nodes. This information was not available at the time the dimensions 
off the fields for the standard technique were chosen. For some patients with 
deeplyy located medial lymph nodes close to the sternum, the anterior IM 
fieldss may still be preferred. Therefore, detailed information about the depth 
andd lateralization of the lymph nodes is needed in combination with the 
availabilityy of two treatment techniques to be able to optimize the dose 
coveragee for all patients. This information can be obtained from conventional 
CTT data, spiralscan CT data in combination with contrast agents and 
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examinationss as lymphoscintigraphy or sonography. 

Limitation ss of th e improve d techniqu e 

Thee beam orientations in the improved technique with respect to the 
patientt may also be achieved without a breast board. This would imply, 
however,, the use of table rotations in order to produce the two match 
planes.. In a study from Creutzberg et al. (39), no significant differences were 
foundd between the two positioning methods. Data about the set-up accuracy 
off the standard technique have been previously presented by van Tienhoven 
etet al. and Holmberg et al. (40,41). The effect of these set-up uncertainties on 
thee dose distribution in the match region of the supraclavicular fields and 
tangentiall breast fields was reported by Idzes et al. (42). 

AA field length of 22 cm is created by opening the closed jaw of the 
tangentiall field by 20 mm. The divergence of the tangential field at the place 
wheree an axillary field may be added is then only . The resulting dose 
inhomogeneity,, a small high dose region (105%-110%), is negligible 
comparedd with the dose inhomogeneity resulting from set-up errors (42). In 
general,, it is important to quantify the effect of matching techniques and set
upp errors on the dose distribution for each new treatment technique. 

Thee low NTCP values found for the incidence of radiation pneumonitis 
forr both techniques indicate that the small increase in mean lung dose in the 
improvedd technique may not be so clinically important. The mean lung dose 
variedd between 3 and 11 Gy. In a study of Kwa et al. (37) including 540 
patients,, the incidence of radiation pneumonitis in this dose range was very 
small. . 

Limitation ss of th e analysi s 

Thee position in which the patients were scanned differs slightly from the 
positionn at the simulator when the fields for the standard technique were set
up.. The displacement of the skin was measured for a pilot group of patients 
priorr to CT scanning. This was done by placing the laser lines on the skin 
markss with the arm in the position during simulation, moving the arm to the 
CTT scan position, and measuring the distance from the laser lines to the 
marks.. The movement of the marks for the IM-MS field was small; 0-2 mm in 
thee cranio-caudal direction and on average 3-5 mm in the medio-lateral 
directionn with a maximum of 10 mm. The treatment plan plane through the 
middlee of the breast shifted approximately 10 mm in the cranial direction. In 
aa detailed study of Gagliardi et al. (43), similar results were found. The CT 
positionn is also not the same as the position in which the improved technique 
wouldd be carried out. The arm position could remain the same, but the 
patientss were scanned lying supine, without using a breast board. The 
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breastt tissue could move more caudal due to gravity, but this is probably 
partlyy prevented by the abduction of the arm. The effect of the different scan 
positionn on the calculated target coverage and dose to organs at risk was 
studiedd by extending the tangential and IM fields by 20 mm in the cranial-
caudall direction. The differences between the improved technique and 
improvedd technique with extended fields were negligible. 

Othe rr  technique s 

AA number of breast and IM-MS irradiation techniques have been 
describedd in the literature (12-20). If photon fields are used in combination 
withh electron fields as in the two techniques described in this paper, the 
benefitt of using one isocentre (14-16) is lost. However, the use of electron 
fieldss potentially results in a lower dose to the organs at risk. 

Thee techniques described by Woudstra and van der Werf (18) and 
Robersonn et at. (17), using electron fields, can be employed on most modern 
linearr accelerators. They did not address, however, the problem of matching 
thee IM and tangential fields with supraclavicular and axillary fields. This 
problemm was addressed in the technique described by Lagendijk and 
Hofmann (20) using two matchplanes. They used a 5  angled photon field to 
irradiatee the IM-MS lymph nodes. 

Mostt of the techniques discussed above were described as being 
applicablee for all patients; i.e. only one technique would be needed, 
independentt of the localization of the IM-MS nodes in individual patients. We 
havee found that the optimal treatment technique does depend on the 
locationn of the IM-MS nodes, and preferably more than one technique 
shouldd be available in a radiotherapy department. A technique which 
minimizess the dose to the heart is necessary in order to prevent excess 
cardiacc mortality after radiotherapy for breast cancer. Most present 
techniquess including the standard and improved technique described in this 
paperr result in a lower heart dose than the old techniques e.g., (44). The 
resultss of EORTC study 22922 investigating the role of IM-MS irradiation will 
onlyy be able to show an increased overall survival if this criterion is fulfilled. 

Thee improved technique largely improves the dose distribution in the IM-
MSS nodes for a large group of patients and also reduces the dose to the 
heart,, when compared with the standard anterior IM-MS field technique. The 
improvementt is the result of the combined use of the improved technique 
andd 3D localization information of the lymph nodes. 
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Abstrac t t 

Purpose.Purpose. To assess for locoregional irradiation of breast cancer patients, 
thee dependence of cardiac (cardiac mortality) and lung (radiation 
pneumonitis)) complications on treatment technique and individual patient 
anatomy. . 

MethodsMethods and materials. 3D treatment planning was performed for 30 
patientss with left-sided breast cancer and various breast sizes. Two 
locoregionall techniques (Techniques A and B) and a tangential field 
technique,, including only the breast in the target volume, were planned and 
evaluatedd for each patient. In both locoregional techniques tangential photon 
fieldss were used to irradiate the breast. The internal mammary (IM) - medial 
supraclavicularr (MS) lymph nodes were treated with an anterior mixed 
electronn / photon field (Technique A) or with an obliquely incident mixed 
electronn / photon IM field and an anterior electron / photon MS field 
(Techniquee B). The optimal IM and MS electron field dimensions and 
energiess were chosen on the basis of the IM-MS lymph node target volume 
ass delineated on CT-slices. The position of the tangential fields was adapted 
too match the IM-MS fields. Dose-volume histograms (DVHs) and normal 
tissuee complication probabilities (NTCPs) for the heart and lung were 
comparedd for the three techniques. In the beam's-eye view of the medial 
tangentiall fields the maximum distance of the heart contour to the posterior 
fieldd border was measured; this value was scored as the maximum heart 
distancee (MHD). 

Results.Results. The lymph node target volume receiving more than 85% of the 
prescribedd dose was on average 99% for both locoregional irradiation 
techniques.. The breast PTV receiving more than 95% of the prescribed dose 
wass generally smaller using Technique A (mean: 90%, range: 69%-99%) 
thann using Technique B (mean: 98%, range: 82%-100%) or for the 
tangentiall field technique (mean: 98%, range: 91%-100%). NTCP values for 
excesss cardiac mortality due to acute myocardial ischaemia varied 
considerablyy between patients, with minimum and maximum values of 0.1% 
andd 7.5% (Tech. A), 0.1% and 5.8% (Tech. B) and 0.0% and 6.1% 
(tangentiall tech.). The NTCP values were on average significantly higher (p 
<< 0.001) by 1.7% (Tech. A) and 1.0% (Tech. B) when locoregional breast 
irradiationn was given, compared with irradiation of the left breast only. The 
NTCPP values for the tangential field technique could be estimated using the 
maximumm heart distance. NTCP values for radiation pneumonitis were very 
loww for all techniques; between 0.0% and 1.0%. 

Conclusions.Conclusions. Technique B results in a good coverage of the breast and 
locoregionall lymph nodes, while Technique A sometimes results in an 
underdosagee of part of the target volume. Both techniques result in a higher 
probabilityy of heart complications compared with tangential irradiation of the 
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breastt only. Irradiation toxicity for the lung is low in all techniques. The 
maximumm heart distance is a simple and useful parameter to estimate the 
NTCPP values for cardiac mortality for tangential breast irradiation. 

Introductio n n 

AA number of large randomized trials has shown a small but statistically 
significantt increased risk of cardiac mortality associated with locoregional 
irradiationn of breast cancer [2,11,27,28]. It is also shown that modern 
treatmentt techniques can result in a lower cardiac dose than the older 
techniquess used in these trials [3,10]. However, even with modern 
techniquess a subgroup of patients with left-sided breast cancer receives a 
relativelyy high cardiac dose, which is associated with a significant increase 
inn cardiac mortality in these earlier studies [7,28]. Recently published studies 
confirmm an increase in mortality from myocardial infarction after irradiation 
[24,25].. For example, an increase of 1% was found for patients irradiated for 
right-sidedd breast cancer after lumpectomy, while an increase of 2% was 
foundd for patients irradiated for left-sided breast cancer after lumpectomy 
[25].. The increase in overall survival found in some trials gained by 
locoregionall treatment for breast cancer appeared to be counterbalanced by 
thee increase in late cardiac mortality [2,17,26]. 

Mostt studies with 3D CT data available for dose-volume analysis were 
restrictedd to evaluation of the tangential treatment technique [3,6-8,10,22]. 
Littlee detailed information is available about cardiac doses in modern 
techniquess including the locoregional lymph nodes in the target volume 
[15,23],, Pakisch et al [23] calculated dose-volume histograms of the lungs 
andd heart for treatment techniques including the lymph nodes in the target 
volume.. However, they did not outline the target volume, so no information 
aboutt target coverage was available. Jansson et al [15] included 30 patients 
inn a comparative treatment planning study. They presented data about heart 
andd lung doses and target coverage, but the new technique which they 
studiedd can only be employed on an MM22 or MM50 Racetrack microtron of 
whichh only a few exist in the world. They compared their new technique with 
aa tangential irradiation technique, which has the disadvantage that generally 
aa considerable part of the contralateral breast has to be included to obtain 
adequatee target coverage. 

Thee aim of this study is to quantify cardiac and lung complication 
probabilitiess and target coverage based on 3D CT data for a tangential 
breastt irradiation technique as well as for two widely applicable locoregional 
breastt irradiation techniques, using perpendicular or oblique incident photon 
andd electron parasternal fields. An additional goal was to find anatomical 
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parameterss from which cardiac complications can be estimated. 

Method ss and material s 

Patien tt  selectio n and treatmen t plannin g 

AA retrospective study was performed for 30 left-sided breast cancer 
patientss of which CT data were available. The CT scans extended from the 
supraclavicularr region to the most caudal part of the lungs, with a 5 or 10 
mmm slice separation. Treatment planning was performed using our 3D 
treatmentt planning system1 [4]. For photon beam dose calculations the 
octree/edgee model [5] was used in combination with the ratio of tissue-air 
ratioss algorithm to take inhomogeneities into account [12], whereas for the 
electronn beams a 3D implementation of the MDAH pencil beam model [21] 
wass applied. 

Thee breast planning target volume (PTV) was outlined on each CT slice 
usingg the visible breast parenchyma. Clinical target volumes (CTVs) and 
planningg target volumes were defined according to ICRU guidelines [13]. 
Thee breast PTV was defined to extend to 5 mm beneath the skin. Non-
pathologicall internal-mammary (IM) medial-supraclavicular (MS) lymph 
nodess can hardly be seen on CT-data. With the aid of other visible 
structures,, the IM-MS CTV was defined. The CTV of the IM lymph nodes 
wass assumed to be located around the internal mammary vessels. There 
wass a gradual transition of the IM lymph node CTV into the MS lymph node 
CTV.. The IM-MS PTV was defined by expanding the CTV 5 mm in the 
anterior-posteriorr direction and 10 mm in the medio-lateral direction. A cap 
off half of the CT slice separation was used as expansion in the cranio-
caudall direction. 

Thee cranial limit of the heart included the infundibulum of the right 
ventricle,, the right atrium, the right atrium auricle and excluded the 
pulmonaryy trunk, the ascending aorta and the superior vena cava. The 
lowestt external contour of the heart was the caudal border of the 
myocardium.. The pericardium was excluded from the heart volume. The 
contourr of the lung was automatically outlined. The breast and IM-MS target 
volumess and the heart were delineated by an experienced radiation 
oncologistt and checked by a second collegue. Only a few discrepancies 
weree encountered, and in these cases consensus about the volume 
extensionn was always reached. 

11 U-MPIan with software version V339 
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Treatmen tt  technique s 

Threee treatment techniques were compared: two techniques 
(Techniquess A and B, Figure 1) were used to irradiate the breast and IM-MS 
lymphh nodes and a tangential field technique was used if only the breast 
wass considered as the target volume. For all three techniques, two 
symmetricc tangential photon fields (6 or 8 MV) were used to irradiate the 
breast.. All patients were planned in a supine position. The dorsal edges of 
bothh beams were made coplanar to decrease the amount of lung tissue 
irradiated.. For the tangential field technique, the medial beam edge of the 
medio-laterall beam was located at the sternum midline. For Technique B it 
wass located 35 mm ipsilateral to the sternum midline at the level of the 
nipplee and for Technique A it depended on the extent of the IM-MS field. 

Forr Technique A, an anterior field was used to irradiate the IM-MS lymph 
nodes,, which overlapped the tangential breast fields by 5 mm on the skin. 
Forr Technique B, an oblique IM field was used to irradiate the IM lymph 
nodes,, while a separate anterior field was used to irradiate the MS lymph 
nodes.. For Techniques A and B, 70% of the dose to the lymph nodes was 
givenn with electrons, in order to spare underlying structures and 30% with 6 
MVV or 8 MV photons to avoid overdosage of the skin. The width, length and 
electronn beam energy of the IM and MS fields were chosen in such a way 
thatt the lymph node PTV received 85% of the prescribed dose or more. The 
valuee of 85% is in accordance with the requirements formulated in the 
EORTCC 22922-10925 trial investigating the role of IM-MS lymph node chain 
irradiationn in stage l-lll breast cancer [1]. 

Iff needed, the caudal border of the IM-MS field was extended caudally to 
includee the medial caudal part of the breast. A cranial match plane was 
createdd in which there was no divergence of the tangential fields (and IM 
fields;; Technique B) by using gantry, collimator and table rotations and by 
placingg blocks in the cranial part of the fields [19]. Applying this technique, 
alll fields could be matched properly without using asymmetric fields. 

TableTable  1. Breast and lymph node PTV coverage. 

Techniqu ee A Techniqu e B Tangential s 
Breastt PTV: Volume {%) with dose > 95% 

Meann (range ) 90(69-99) 98(82-100) 98(91-100) 
Lymphh nodes PTV: Volume (%) with dose > 85% 

Meann (range ) 99(91-100) 99(92-100) 
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FigureFigure  1. Transversal slice through the middle of the breast for Technique A (top) 
andand Technique B (bottom) showing the external contour, heart, lungs and 
fieldfield outlines. Note the low dose region present in technique A between 
thethe IM-MS fields and the tangential fields. 
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Dos ee prescriptio n 

Thee treatment plans were normalized at the ICRU reference point of the 
breastt PTV [13]. The ICRU reference dose was 2 Gy per fraction, with a 
totall treatment dose of 50 Gy. For techniques A and B, the dose of the IM 
andd MS electron and photon fields were prescribed at the middle of the IM 
andd MS target volumes. 

Heartt contour 

Maximumm Heart 
Distance e 

FigureFigure  2. The maximum heart distance is defined as the maximum distance of the 
heartheart contour, as seen in a beam's-eye view of the medial tangential field, 
toto the medial field edge. 

Dataa analysi s 

Dose-volumee histograms (DVHs) were computed for the breast and IM-
MSS target volumes and for the heart and lungs. For the breast PTV, the 
volumee receiving at least 95% of the reference dose was computed, while 
forr the IM-MS target volume, the volume receiving at least 85% of the 
referencee dose was calculated. 

Too quantify lung and heart toxicity, the physical dose distribution was 
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firstt converted into a normalized total dose (NTD) distribution [20], using the 
linearr quadratic model with an oc/p ratio of 3 Gy. For the heart, the normal 
tissuee complication probability (NTCP) for excess cardiac mortality after 10-
155 years was calculated using a fractionation schedule of 2 Gy per fraction 
andd applying the relative seriality model [16] with parameter values (y = 
1.28,, s=1, D50=52.3 Gy) derived by Gagliardi et al. [7]. These values were 
chosenn because they were based on 3D-CT dose computations combined 
withh the clinical results of a large patient group included in two randomized 
trialss [11,28]. For the tangential field technique, the maximum heart distance, 
i.e.. the maximum distance of the heart contour to the medial field end, as 
cann be seen on a beam's eye view of the medio-lateral tangential field, was 
measuredd (Figure 2). An average differential DVH of the heart was 
calculatedd by adding all individual differential DVHs, which were expressed 
inn percentages of the heart volume, divided by the number of patients. 
Thereafter,, also a cumulative average DVH was calculated. 
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FigureFigure  3. Correlation between breast PTV coverage and the thickness of the breast 
tissuetissue in the central plane measured at the medial border of the tangential 
fieldsfields for Technique A (r=0.64). 
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Inn the calculations of lung toxicity, the left and right lung are treated as 
onee single organ. After the NTD calculation, the mean normalized total dose 
(NTDmean)) was calculated and used to compute the NTCP for radiation 
pneumonitis.. Radiation pneumonitis was scored, when the complication was 
classifiedd as a grade 2 or higher, according to the Southwest Oncology 
Groupp (SWOG) toxicity criteria, i.e. when the patient needed steroid 
treatmentt because of dyspnea and cough after the radiation therapy and 
whenn radiographic changes were visible on the chest X-ray film within the 
treatmentt field. This method was developed to present the clinical results of 
aa recently published, large multi-center study of the relation between the 
incidencee of radiation pneumonitis and DVH parameters [18]. 
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FigureFigure  4. Cumulative average dose-volume histograms of the heart. Technique B 
resultedresulted in a slightly better DVH (dashed line) than Technique A (solid 
line),line), because the internal mammary radiation fields are turned away from 
thethe heart. On average, only a small part of the heart received a high dose 
usingusing the tangential field technique (dotted line). 

Results s 

Thee objective to achieve an adequate dose coverage of the lymph nodes 
forr both Technique A and Technique B was reached for most patients (Table 
1).. In one patient however, the posterior part of the lymph node target 
volumee was located as deep as 6.5 cm beneath the skin and an adequate 
dosee coverage could not be achieved with the maximum electron beam 
energyy of 20 MeV that is available in our department. The results for this 
patientt were excluded from the analysis. 
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TableTable 2. Irradiation toxicity. 

Meann (range) 
SD D 

Meann (range) 
SD D 

Meann (range) 
SD D 

Techniquee A Techniquee B 

NTCPP for cardiac mortality ( 
2.3(0.1-7.5) ) 

1.7 7 
1.6(0.1-5.8) ) 

1.2 2 

Tangentials s 

%) ) 
0.6(0.0-6.1) ) 

1.2 2 

NTCPP for radiation pneumonitis (%) 
0.2(0.1-0.4) ) 

0.1 1 

3.7(1.7-6.1) ) 
1.3 3 

0.4(0.1-1.2) ) 
0.3 3 

Meann lung dose (Gy) 
5.88 (3.3-9.9) 

1.7 7 

0.2(0.1-0.9) ) 
0.2 2 

3.88 (0.8-8.9) 
2.2 2 

Thee breast PTV receiving at least 95% of the prescribed dose was on 
averagee 98% for Technique B and the tangential field technique (Table 1). It 
wass only 90% for Technique A, because part of the PTV was located in a 
loww dose region between the tangential fields and the IM-MS fields. It was 
foundd that the volume of this low dose region in the breast PTV is correlated 
withh the breast tissue thickness at the medial beam edge of the tangential 
fieldss (Figure 3). This correlation is weak (r = 0.64), but it can be seen that 
forr patients with a large tissue thickness (e.g., more than 30 mm), there is a 
clearlyy increased risk of a cold spot. 

Thee cumulative average DVH of the heart is shown in Figure 4. On 
average,, both locoregional treatment techniques resulted in a significantly 
higherr dose to the heart than the tangential field technique. The average 
DVHH curve for Technique B is completely located below the DVH for 
Techniquee A, although the difference is small above the 20 Gy level. 

Thee large individual differences in the differential DVHs resulted in a 
largee variation in NTCP values for excess cardiac mortality calculated from 
thee DVHs (Figure 5 and Table 2). The mean NTCP value was lower for 
Techniquee B than for Technique A by 0.6% with borderline significance 
(p=0.05).. The average NTCP for the tangential field technique was, 
however,, significantly (p<0.001) lower than the average NTCP of the 
locoregionall irradiation techniques by 1.7% (Tech. A) and 1.0% (Tech. B). 

Forr the tangential field technique, a good correlation was found between 
thee maximum heart distance and the NTCP for excess cardiac mortality 
(Figuree 6). No NTCP values above 1% were found below a maximum heart 
distancee of 1 cm, while all NTCP values above 2% were found for maximum 
heartt distances of 2 cm or more. Furthermore, the NCTP values increase 
steeplyy with maximum heart distances of 2 cm or more. 
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FigureFigure  5. NTCP values for excess late cardiac mortality. The NTCP values for the 
tangentialtangential field technique (gray bars) were significantly lower than the 
NTCPNTCP values for Technique A (black bars) and Technique B (open bars). 

Thee mean lung dose was on average 3.7 Gy (range 1.7 - 6.1 Gy), 5.8 Gy 
(rangee 3.3 - 9.9 Gy) and 3.8 Gy (range 0.8-8.9 Gy) for Techniques A and B 
andd the tangential field technique, respectively. The associated NTCP 
valuess for radiation pneumonitis grade 2 or higher were all very low; of the 
orderr of 0% to 1% (Figure 7 and Table 2). The small increase in lung dose, 
whichh was sometimes found using Technique B instead of Technique A, was 
duee to a larger contribution of the IM field to the lung dose. The part of the 
lungg receiving a high dose due to the tangential fields was usually smaller 
forr Technique B, partly counterbalancing the increase in lung dose due to 
thee IM field. 
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FigureFigure  6. NTCP for excess late cardiac mortality versus maximum heart distance 
forfor the tangential fields irradiation technique. 

Discussio n n 

Thee radiation toxicity for the heart and lung has been quantified for 30 
left-sidedd breast cancer patients for two breast and adjacent lymph node 
irradiationn techniques and one technique including only the breast in the 
targett volume. Gagliardi et al. [7] have calculated mean heart DVHs and 
NTCPP values for excess cardiac mortality for the breast treatment 
techniquess applied in the Oslo and Stockholm breast cancer trials [11,28]. 
Noo increase in late cardiac mortality was found for patients who where 
treatedd for right-sided breast cancer using a 60Co tangential irradiation 
techniquee and for patients who received a mastectomy followed by chest 
walll and lymph node irradiation with electrons. An increase was found using 
aa left 60Co tangential irradiation technique (6.8%) or a left (7.9%) or right 
(3.3%)) anterior 60Co field to cover the lymph nodes. The mean NTCP values 
off 2.3% and 1.6% found in our study for left-sided breast cancer irradiation 
usingg Technique A or Technique B, respectively, are substantially lower. 
Gyeness et al. [10] calculated that the volume of heart receiving a dose of 
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50%% or more of the prescribed dose of 50 Gy using a 6 MV tangential 
irradiationn technique to treat the left breast, was on average 5.7%. This is 
muchh more than the value of 2.3% found in our study, which is probably 
causedd by different target definitions, leading to the more medially located 
mediall border of the tangential fields used in their study. 

Fullerr et al. [6] showed that the volume of heart receiving a low dose 
wass significantly decreased using a 60Co technique compared with 
orthovoltagee techniques to irradiate the breast or the breast and the lymph 
nodes.. However, the volume of heart receiving a high dose was higher using 
thee 60Co technique. The results were not compared with more modern 
(linearr accelerator) treatment techniques. Therefore, their conclusion that 
modernn treatment techniques, which employ tangential fields, reduce the 
dosee to the heart has to be placed in the proper perspective, as also argued 
byy Janjan [14]. 
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NTCPNTCP values for radiation pneumonitis grade 2 or higher. The NTCP 
valuesvalues for Technique A (black bars), Technique B (open bars) and the 
tangentialtangential field technique (gray bars) were generally below 0.5%. 
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Inn contrast to the large trials in which an increase in cardiac mortality 
wass found [2,11,27,28], some studies did not reveal this increase [9,22,29]. 
Noo increase in late cardiac mortality was found for patients treated for left-
sidedd breast cancer compared with right-sided breast cancer in a recent 
studyy including 745 patients, of which some were irradiated using large 
tangentiall fields to include the parasternal lymp nodes [22]. However, this 
studyy had insufficient statistical power to detect the small relative risk of 
aboutt 1.1 for left versus right-sided breast cancer treatment as found in the 
largerr trials. A study by Gustavsson et al. [9] also showed no late cardiac 
mortalityy in a group of 90 patients with stage II breast cancer receiving 
postmastectomyy radiotherapy with or without chemotherapy. It was 
concludedd that this group of patients had no serious sequelae, despite the 
usee of out-dated irradiation techniques for some of the patients. However, 
onee can not extent this conclusion to a large population, because a clinically 
veryy significant number of only a few percent of excess late cardiac deaths 
cann not be detected in such a small population of patients. Rutqvist et al. 
[29]] did not find an increase in cardiac mortality with irradiation in a group of 
6844 patients who received tangential breast irradiation, compared with a 
controll group of almost 5000 patients [29]. They also concluded that the 
patientt group was too small to rule out an increased risk for some patients. 
Inn general, the absence of a significant increase in late excess cardiac 
mortalityy in studies with few observations, does not imply that there is no 
increasee to be found. 

Janssonn et al. [15] included 30 patients in a comparative treatment 
planningg study. Their new locoregional technique resulted in a mean lung 
dosee of 7.5 Gy (estimated on the basis of the data presented in their study) 
whichh is higher than the values of 3.7 Gy and 5.8 Gy using Technique A or 
Techniquee B, respectively. They also calculated the heart volume receiving 
aa dose of 40 Gy or more, which is equivalent to 74% of the prescribed dose 
off 54 Gy. To compare their results with our data, we also calculated the 
heartt volume receiving a dose of 74% of the prescription dose. This volume 
wass similar (average 7%, range 0%-20% (Technique A); average 5%, range 
0%-17%% (Technique B)) compared with the data for their technique (average 
5%,, range: 2%-12%). Pakisch er al. [23] reported average lung doses of 
10.66 Gy, 15.2 Gy and 16.1 Gy (scaled to a total dose of 50 Gy at the 100% 
isodose)) for a tangential field technique adjacent to an anterior field covering 
thee lymph nodes, a tangential field technique adjacent to an oblique field 
coveringg the lymph nodes and a technique using deep tangentials, 
respectively.. The increased lung dose using oblique fields compared to 
anteriorr fields was also found in our study, although the absolute dose 
valuess they reported are much higher. Their average cumulative DVHs of 
thee heart are very similar to the results presented here for the two 
locoregionall techniques. However, as they did not outline the target 
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volumes,, no conclusions can be drawn from their data about which 
techniquee gives the best target coverage. 

Thee low NTCP values found for the incidence of radiation pneumonitis 
forr all three techniques included in our study indicate that the lung 
complicationss using these techniques may not be very important clinically. 
Thee mean lung dose varied between 0.8 and 9.9 Gy. In a study of Kwa et al. 
[18]] including 540 patients, no radiation pneumonitis was observed for 64 
patientss who received a mean lung dose up to 8 Gy. In the dose range from 
88 Gy to 12 Gy, 8 out of 81 patients (10%) developed radiation pneumonitis. 

Ourr results show that the maximum heart distance is a good parameter 
fromm which the NTCP for excess late cardiac mortality can be estimated for 
thee tangential irradiation technique. This can be expected, because the 
parameterss used in the NTCP model for cardiac mortality indicate that the 
NTCPP value depends on the volume contained in the high dose region. This 
volumee is correlated with the maximum heart distance, resulting in a good 
correlationn between NTCP values and the maximum heart distance. If CT-
dataa and full 3D calculations are available for a patient, the direct calculation 
off the NTCP value is of course recommended. Das et al. [3] found a 
correlationn between the central lung distance and the percentage of 
irradiatedd heart volume. However, this correlation was relatively weak 
(r=0.58).. They also found a weak (r=0.64) correlation between gantry angle 
andd percentage irradiated heart volume. Both measurements (i.e. central 
lungg distance and gantry angle) are only an indirect method to quantify the 
amountt of heart within the primary beam, while the maximum heart distance 
iss a direct and simple method to determine the amount of heart within the 
highh dose region. Based upon a maximum acceptable NTCP value, and thus 
thee highest allowable maximum heart distance, each individual tangential 
irradiationn set-up can be evaluated very quickly, e.g. using the beam's-eye 
vieww option during virtual simulation or a simulator film. Proper modifications 
off the irradiation technique should be made if needed; i.e. by shielding part 
off the heart or by using intensity modulated beams [8]. 

Thee choice whether or not to irradiate the lymph nodes depends on the 
expectedd benefits of the irradiation, balanced against the irradiation toxicity 
forr the heart and lung. Therefore, detailed data is needed about the heart 
andd lung doses resulting from different locoregional irradiation techniques. 
Thiss data can also be helpful to analyze the future results of a large EORTC 
studyy investigating the role of IM-MS irradiation [1]. Our results showed a 
significantlyy increase of the average NTCP of excess cardiac toxicity from 
0.6%% when only the breast is irradiated to around 2% when also the 
locoregionall lymph nodes are included in the target volume. 

Inn summary, Technique B results in a good coverage of the breast and 
locoregionall lymph nodes, while Technique A sometimes results in an 
underdosagee of part of the target volume. Both techniques result in a higher 
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heartt dose compared with tangential irradiation of the breast only. Irradiation 
toxicityy of the lung is low in the three techniques studied, while high NTCP 
valuess of cardiac mortality are found for some patients in all these three 
techniques.. The maximum heart distance is a clinically useful parameter to 
predictt NTCP values of excess cardiac mortality for the tangential breast 
irradiationn technique. 
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Abstract Abstract 

BackgroundBackground and purpose. To compare and evaluate intensity modulated 
(IMRT)) and non-intensity modulated radiotherapy techniques in the 
treatmentt of the left breast and upper internal mammary lymph node chain. 

MethodsMethods and materials. The breast, upper internal mammary chain 
(IMC),, heart and lungs were delineated on a CT scan for 12 patients. Three 
differentt treatment plans were created: 1) tangential photon fields with 
obliquee IMC electron-photon fields with manually optimized beam weights 
andd wedges, 2) wide split tangential photon fields with a heart block and 
computerr optimized wedge angles, and 3) IMRT tangential photon fields. 
Forr the IMRT technique, an inverse planning program (KonRad) generated 
thee intensity profiles and a clinical 3-D treatment planning system (U-Mplan) 
optimizedd the segment weights. U-Mplan calculated the dose distribution for 
alll three techniques. The normal tissue complication probabilities (NTCPs) 
forr the organs at risk (ORs) were calculated for comparison. 

Results.Results. The average standard deviation of the differential dose-volume 
histogramm of the breast PTV was 4.6, 3.9 and 3.5% and the average mean 
dosee to the IMC was 97.2, 108.O and 99.6% for the oblique electron, wide 
splitt tangent and IMRT technique, respectively. The average NTCP for the 
ORss (i.e., heart and lungs) were comparable between the oblique electron 
andd IMRT technique (< 0.7%). The wide split tangent technique resulted in 
higherr NTCP values (> 2%) for the ORs. 

Conclusions.Conclusions. The lowest NTCP values were found with the oblique 
electronn and the IMRT techniques. The IMRT technique had the best breast 
andd IMC target coverage. 
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Introductio n n 

Intensityy modulated radiotherapy (IMRT) is a relatively new 
developmentt that has already been applied to several sites. These include 
prostatee [10,37,42], lung [6,12,13], head and neck [5,7,11,14,62] and breast 
[15,28,36]] primaries. For the treatment of head and neck tumours, IMRT 
andd conformal blocking have been shown to provide better sparing of the 
parotidd gland [14,27,33,62]. Similarly, in prostate cancer, IMRT can reduce 
thee risk of rectal complications and thereby permit the escalation of dose. 
Theree is mounting evidence a higher total dose decreases the risk of 
biochemicall failure in prostate cancer [26,46]. Although superior survival 
ratess with IMRT compared to non-IMRT techniques remains an open 
question,, the general radiobiological and oncological principles 
underpinningg the use of IMRT are sound [32,40,44,49] and its application 
continuess to be an area of active investigation. 

Post-operativee radiotherapy reduces the risk of local recurrence in early 
breastt cancer patients treated with breast conserving surgery to a level 
comparablee to mastectomy [1,8,16,58,59]. Although several studies 
[2,9,17,29]] have suggested an increase in overall survival, the majority do 
nott demonstrate a clear benefit. However, two clinical trials [45,50] have 
demonstratedd improved survival in high risk node positive premenopausal 
patientss when both the chest wall and regional lymph nodes, including the 
internall mammary chain (IMC), are irradiated following mastectomy. These 
conclusionss remain controversial and several authors [18,21,43] have 
criticizedd these studies. How much the IMC irradiation contributes to the 
overalll survival is, therefore, still unknown. A European Organization for 
Researchh and Treatment of Cancer (EORTC) clinical trial [4] is currently 
underwayy to confirm or refute this survival advantage. 

AA large meta-analysis published by the Early Breast Cancer Trialists' 
Collaborativee Group [1] did not show a clear overall survival advantage at 
100 years with local irradiation. Their analysis suggests, however, a small 
improvementt in survival may have been offset by an increase risk in death 
fromm other causes. Suboptimal radiotherapy techniques may account for this 
finding.. This could, in part, be due to older radiotherapy techniques using 
lowerr energy photons resulting in greater dose inhomogeneity. Also, 
irradiationn of the heart from radiotherapy has been linked with an increased 
riskk of cardiovascular mortality [23-25,52,53]. Another meta-analysis, 
publishedd by Whelan ef a/., found that locoregional radiation after surgery in 
patientss treated with systemic therapy reduced mortality [60]. This suggests 
thatt to maximize any potential survival advantage from radiotherapy, the 
techniquee must be carefully considered to ensure adequate coverage of the 
targett volume and to minimize the risk of cardiovascular mortality. 
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Iff the planning target volume (PTV) includes only the breast, then the 
techniquee typically consists of two tangential fields placed medially and 
laterallyy to the breast. This field arrangement attempts to minimize the 
amountt of underlying normal tissue irradiated. However, if the PTV also 
includess the IMC lymph node then simple tangential fields usually does not 
offerr the best solution. 

Treatingg the breast and IMC lymph nodes is problematic. The inclusion 
off IMC creates an irregular concave volume difficult to irradiate adequately 
withoutt delivering significant dose to the heart, particularly in left-sided 
breastt cancer patients. Several techniques have been investigated to treat 
thee IMC [3,30,61]. To minimize the dose to the heart, some advocate the 
usee of an abutting oblique electron field over the parasternal area to treat 
thee IMC [30,61]. But the resulting reduction in cardiac dose can only be 
obtainedd at the expense of increased dose inhomogeneity, particularly along 
thee match-line between the medial tangential photon and the abutting 
electronn fields. Planning studies reveal a high dose region of the order of 
10-20%% and a dose variability of up to 40% [30,61]. The main disadvantage 
off this technique is the significantly increased complexity of treatment 
planningg and delivery. 

Anatomically,, the majority of the IMC lymph nodes lie superiorly, 
betweenn the first and third intercostal spaces [41,57]. Instead of treating the 
entiree IMC, Marks et al [38] suggest the use of partly wide tangents (or wide 
splitt tangents) to cover the breast and superior IMC with a block placed to 
shieldd part of the heart. This technique improves dose homogeneity by 
avoidingg field matching between the tangential and IMC fields while 
reducingg the dose to the heart. 

Thee purpose of this planning study is to evaluate and compare intensity 
modulatedd (IMRT tangents) and non-intensity modulated radiotherapy 
(obliquee electrons and wide split tangents) techniques in the treatment of 
thee left breast and upper internal mammary lymph node chain. 

Method ss and material s 

Patien tt  selectio n 

Treatmentt planning was performed retrospectively on twelve left-sided 
breastt cancer patients previously treated at the Netherlands Cancer 
Institute.. All patients underwent CT scanning following their breast 
conservingg surgery. The images were obtained with the patients lying 
supinee with the ipsilateral arm abducted above their heads. The scans 
extendedd approximately from the mid-clavicle to the upper abdomen to 
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includee the entire lung in 5 or 10 mm thick CT slices. 

Volume ss of interes t 

Thee breast PTV included all visible breast parenchyma as seen on the 
CTT slices, excluding 5 mm from the superficial skin surface. The internal 
mammaryy vessels, visible on the CT scans, were assumed to mark the 
centree of the IMC PTV. The IMC PTV was defined by an elliptical cylinder, 
withh a major (lateral) and minor (anterior-posterior) axes of 30 and 20 mm 
respectively,, centred on the IMC vessels. This extended between the 
inferiorr aspect of the ipsilateral clavicular head and the 4 th intercostal space 
too ensure only the first three intercostal spaces were included. 

Thee heart was defined as all the visible myocardium, excluding the 
pericardium,, from the apex to the right auricle, atrium and infundibulum of 
thee ventricle. The pulmonary trunk, root of the ascending aorta and the 
superiorr vena cava were excluded. In order to estimate the overall dose to 
thee body and the dose to the contralateral breast, a partial body volume 
consistingg of the volume enclosed by the external contour minus the left 
breast,, IMC, heart and lungs was defined. An experienced radiation 
oncologistt delineated all volumes of interest except for the external surface, 
lungg and partial body contours which were generated automatically by the 
treatmentt planning system. The CT slices were reviewed to ensure 
adequatee coverage of the IMC. 

Treatmen tt  technique s 

Non-intensit yy  modulate d technique s 

ObliqueOblique electron 
Alll 12 patients were previously planned using this technique in another 

studyy [30]. The supraclavicular (SC) fossa was irradiated and a table 
rotationn was applied to minimize the beam divergence between the 
tangentiall and SC fields. For the purposes of this planning study, the SC 
regionn was not treated, but the table rotations were retained for the sake of 
simplicity.. Each plan consisted of 4 fields (2 tangential photon, 1 parasternal 
photonn and 1 parasternal electron). To minimize beam divergence, a mono-
isocentricc technique was used. The isocentre was placed at the junction 
betweenn the breast and the supraclavicular field, 40 mm ipsilateral from the 
sternumm midline at the inferior aspect of the clavicular head. The dorsal 
borderr of the tangential photons was aligned with the isocentre, 40 mm 
ipsilaterall from the sternum midline. Using beam's-eye view (BEV) and 
gantryy rotation, the tangential fields were designed to ensure the breast was 
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adequatelyy covered with a margin (7 mm) in the cranial, caudal and lateral 
extentt of the PTV to account for beam penumbra. The matching IMC fields 
treatedd the medial aspect of the breast PTV. A 7 mm margin around the IMC 
PTVV was used to create the IMC photon field. To avoid overdosing the skin, 
aa mixed electron-photon field (weighted approximately 2:1) was used to 
treatt the IMC. The photon IMC field was matched on skin with no overlap 40 
mmm ipsilateral from the midline and the gantry was rotated such that it 
matchedd the tangential fields without any divergence. The IMC electron field 
wass placed 45 mm from midline to allow for a 5 mm overlap with the 
tangentiall fields. Due to a wider beam penumbra, a margin of 16 mm was 
usedd for the parasternal electron field with the same gantry angle as the 
parasternall photon field plus a 7  rotation which was found in a previous 
studyy [30] to minimize over- and underdosage at the junction. The electron 
energyy was chosen to ensure the 85% isodose covered the deepest node 
pluss 5 mm. If required, blocks were employed to shape the field around the 
IMC.. An experienced clinical physicist optimized the beam weights (Figure 
1)--

FigureFigure  1. Schematic set-up of oblique electron technique. (A=isocentre, AB=non-
divergentdivergent dorsal field edge of tangential photon beam, ABCD-non-divergent 
obliqueoblique IMC photon field (electrons not shown), S=source) 
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WideWide split tangents 
Thee gantry and collimator were rotated to minimize the amount of 

irradiatedd lung and heart. The field and block edges were placed 7 mm from 
thee PTV edge of both the breast and the IMC to account for beam 
penumbra.. Using the BEV, blocks were used to shield as much heart as 
possiblee without compromising coverage of the PTV (Figure 2). The 
isocentree was placed in the mid-separation of the PTV on the central slice, 
approximatelyy at the lower third of the perpendicular distance of the breast 
betweenn the pectoral muscle and the skin surface. Wedge angles and beam 
weightss were optimized using the U-Mplan's optimization module. 

FigureFigure  2. Beam's-eyeBeam's-eye view of the medial tangential field of wide split tangent technique. 
BlockBlock (BK) was placed in the lower left corner to spare as much heart (H) as 
possiblepossible without compromising coverage of the breast (B) and IMC. 

Intensit yy  modulate d techniqu e 

IntensityIntensity modulated tangents 
Thee same isocentre and gantry directions used in the wide split tangents 

weree used for the IMRT tangent plans. KonRad generated the beam 
intensityy profile and this profile was sequenced into 10 uniform quantized 
levelss (Figure 3). The resulting beam segment weights were optimized using 
U-Mplan'ss optimization module. No table rotation was applied. 
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FigureFigure  3. Beam intensity profile generated by KonRad prior to segmentation for a 
medialmedial tangential beam. Note the relatively low intensity present over the 
dorsaldorsal aspect of the breast and internal mammary chain. The intensity is 
beingbeing modulated to minimize the dose to the heart (which lies more 
medially).medially). This is compensated by a relatively high intensity over this area 
fromfrom the lateral tangential beam (not shown). 

Optimizatio n n 

Thee patients were planned using a 3-D treatment planning system (U-
Mplann version 339) [19]. The photon beam dose was calculated using an 
octree/edgee model [20] with an equivalent path length algorithm [31] to 
accountt for tissue inhomogeneities. Electron beam dose was modeled using 
aa modified 3-D pencil beam algorithm [39]. 

Alll beam and segment weights were optimized using the optimization 
modulee of U-Mplan (version 1.0) except for the oblique electron plan due to 
softwaree limitations. U-Mplan could not optimize electron field weights so an 
experiencedd treatment planner determined all the beam weights in the 
obliquee electron plan. Optimization was performed by a simulated annealing 
searchh algorithm. Segments with a relative beam weight less than 0.5% 
weree discarded. The total number of beam segments per plan was limited to 
99. . 

KonRadd version 1.2 beta 10 (MRC Systems GmbH, Heidelberg, 
Germany)) [47], an inverse planning system, was used to generate the beam 
intensityy profiles. The photon beam dose was calculated using a simplified 
ray-tracingg model with a tissue-phantom ratio algorithm that ignored lateral 
scatter.. The entire CT scanned volume was used in the dose calculation. 
Thee bixel (beamlet element) dimensions were 10 mm (leaf width) by 5 mm 
(directionn of leaf travel). A back-projection algorithm generated the beam 
intensityy profiles. Optimization was performed by means of a steepest-
descentt gradient search. Beam segments were generated by sequencing 
thee fluence profile into 10 uniformly quantized intensity levels. IMRT was 
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plannedd using a "step-and-shoot" technique. Because KonRad used a 
simplifiedd ray-tracing dose algorithm that ignored lateral scatter, the 
generatedd fluence profile would only be accurate as a first order 
approximation.. For coarse segmentation, the overall segment shapes will 
nott be dramatically affected. However, the optimal segment weights, as 
calculatedd by KonRad, would be more sensitive to the second order effects 
off lateral scatter. To account for lateral scatter, improve accuracy, and to 
ensuree comparable dose algorithms, these plans underwent segment 
weightt reoptimization and recalculation under our clinical treatment planning 
system,, U-M Plan. A similar quadratic cost function was used for both U-M 
Plan'ss optimization and for KonRad's beam intensity profile (Table 1). 

TableTable  1. Cost function parameters used in treatment planning and optimization. 

voi i 
breast t 

imc c 
heart t 
lungs s 
ext t 

priority y 
2 2 
3 3 
1 1 
4 4 
5 5 

min n dose e 
99 9 
99 9 
0 0 
0 0 
0 0 

(%) ) penalty y 
75 5 
75 5 
0 0 
0 0 
0 0 

max x dose(%) ) 
100 0 
100 0 
48 8 
30 0 
30 0 

penalty y 
50 0 
50 0 
5 5 

2.5 5 
1 1 

(EXT=externall contour, IMC=intemal mammary chain, VOI=volume of interest) 

Cos tt  functio n 

Thee overall global cost function was comprised of several quadratic cost 
functionss with different penalty weights for over- and underdosage. These 
componentt cost functions are called costlets. The parameters applied in the 
optimizationn are described in Table 1. The cost functions differ slightly in 
implementationn between KonRad and U-M Plan. In KonRad, a weighted 
quadraticc penalty was applied to the calculated maximum (or minimum) 
dosee above (or below) the prescribed maximum (or minimum) dose. 
Therefore,, only a single point on the DVH curve was used in each costlet 
function.. In U-M Plan, a weighted quadratic penalty was applied, in effect, to 
eachh voxel above the prescribed maximum dose. Its costlet function 
dependedd on the area under the DVH curve above the dose threshold. To 
accountt for this difference, the weighting penalty for each costlets was 
normalizedd to the total number of voxels to find the cost of the average 
voxel. . 
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Dos ee Prescriptio n 

Alll patients were planned to receive a total dose of 50 Gy in 25 daily 
equall fractions over 5 weeks (2 Gy/d), prescribed to the PTV mean dose of 
thee whole breast. The dose to the IMC fields was calculated at the middle of 
thee IMC PTV. 

Evaluatio nn and analysi s 

Wee evaluated the dose-volume histograms (DVHs) for all volumes of 
interestt (VOI), including the partial body volume. We used the mean dose 
andd the root mean square deviation (RMS) of the differential DVH (dDVH) of 
thee target volumes (i.e. breast and IMC) to evaluate their dose distribution. 
Wee assumed this would result in clinically similar DVHs of the breast with 
similarr local control to allow valid intra- and interpatient comparisons. 

Wee used the VD95% (volume which receives 95% of the dose or more) 
andd VD107% (volume which receives 107% of the dose or more) to estimate 
thee dose homogeneity within the PTV. However, they can be misleading if a 
smalll volume of very high or very low dose is present. The RMS dDVH is a 
stricterr measure of dose homogeneity since it depends on the shape of the 
entiree dose distribution and is independent of the mean dose. A large RMS 
dDVHH is likely to be less clinically significant than a large difference in the 
meann dose (from 100% dose) since the mean dose represents a systematic 
under-- or overdosage. The VD95.107% (volume enclosed between the 95% 
andd the 107% isodose surfaces) was used to measure the overall coverage 
off the target volume and this metric does depend on mean dose and RMS 
dDVH. . 

Too calculate the normal tissue complication probability (NTCP), the 
absolutee dose values were converted into normalized total dose (NTD) with 
ann a/p ratio of 3 Gy for both heart and lungs. We calculated the NTCP for 
excesss late cardiac mortality using the relative seriality model with 
parameterss derived by Gagliardi et al [22]. The mean NTD to the lungs was 
usedd to estimate the NTCP for radiation pneumonitis [34]. Both lungs were 
consideredd as one organ. The average NTCP values were calculated by 
averagingg the individual NTCP values. All pair-wise comparisons were 
performedd using a two-tailed Student Mest with a significance level of 0.05. 
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Result s s 

Targe tt  dos e coverag e 

Thee average mean dose to the breast was 100% (SD: 0%), by definition 
(Tablee 2). With respect to the breast, the IMRT technique had the lowest 
RMSS dDVH (3.5%) while the oblique electron technique had the highest 
(4.6%).. This difference was significant (p=0.01). The VD95% and VD107% were 
thee highest for the oblique electron technique (97.4% and 7.8%) and lowest 
forr the IMRT technique (93.7% and 2.0%) which was also found to be 
significantlyy different (p=0.0008 and p=0.0001, respectively). The VD95.107o/o 

wass not significantly different between any of the plans and the average 
dDVHH curves almost overlap with each other (Figures 4A-B). 
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FigureFigure  4. Average dose-volume histograms (DVHs) for the volumes of interest. A) 
DifferentialDifferential DVH for breast. B) Differential DVH for internal mammary chain. 
C)C) Cumulative DVH for heart. D) Cumulative DVH for lungs. E) Cumulative 
DVHDVH for partal body (imrt=IMRT tangent technique, obhoblique electron 
technique,technique, wide=wide split tangent technique). 
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TableTable  2. Summary statistics for the volumes of interest. Numbers in the table are sample 
averagesaverages (%) with, standard deviations in parentheses. The p-values for the pair-
wisewise comparisons are given in the last three columns. (BODY=partial body, 
dDVH-differentialdDVH-differential DVH, IMC=internal mammary chain, na=not applicable, 
NTCP=normalNTCP=normal tissue complication probability, V=versus, OBL=oblique electron 
technique,technique, IMRT=IMRT tangent technique, WIDE=wide split tangent technique, 
RMSRMS = root mean square deviation SD=standard deviation, VDX%=DVH volume 
pointpoint at X% dose, VD95.107%= VD95% minus VDw?%, VOI=volume of interest). 

VOI I 

breas t t 

imc c 

hear t t 

lung s s 

bod y y 

%% (SD) 

mean n 

RMS S 
dDVH H 
V D 9 5 % % 

V D 1 0 7 % % 

V D 9 5 - 1 0 7% % 

mean n 

RMS S 
dDVH H 
V D 9 5 % % 

V D 1 0 7 % % 

V D 9 5 - 1 0 7% % 

V D 9 5 % % 

NTCP P 

Mean n 

NTCP P 

mean n 

OBL L 

100.0 0 
(0.0) ) 
4.6 6 

(0.8) ) 
97.4 4 
(1.8) ) 
7.8 8 

(1.9) ) 
89.6 6 
(3.1) ) 
97.2 2 
(2.5) ) 
2.8 8 

(1.0) ) 
80.0 0 

(18.8) ) 
0.1 1 

(0.2) ) 
79.9 9 

(18.7) ) 
0.1 1 

(0.2) ) 
0.6 6 

(0.6) ) 
13.9 9 
(3.3) ) 
0.6 6 

(0.3) ) 
8.8 8 

(3.8) ) 

WIDE E 

100.0 0 
(0.0) ) 
3.9 9 

(1.1) ) 
94.1 1 
(5.1) ) 
5.0 0 

(4.9) ) 
89.0 0 
(9.4) ) 
108.0 0 
(7.5) ) 
3.8 8 

(1.1) ) 
97.5 5 
(3.5) ) 
41.3 3 

(37.3) ) 
56.2 2 

(35.9) ) 
1.9 9 

(2.7) ) 
2.1 1 

(2.3) ) 
20.5 5 
(8.2) ) 
2.2 2 

(3-2) ) 
14.8 8 
(6.1) ) 

IMRT T 

100.0 0 
(0.0) ) 
3.5 5 

(1.0) ) 
93.7 7 
(3.3) ) 
2.0 0 

(2.6) ) 
91.7 7 
(5.6) ) 
99.6 6 
(0.7) ) 
4.6 6 
(1.1) ) 
89.3 3 
(3.9) ) 
2.5 5 

(3.9) ) 
86.8 8 
(6.4) ) 
0.1 1 

(0.2) ) 
0.6 6 

(0.5) ) 
15.3 3 
(3.2) ) 
0.7 7 

(0.3) ) 
7.2 2 

(2.5) ) 

OBL V V 
WIDE E 

na a 

0.05 5 

0.08 8 

0.1 1 

0.9 9 

0.0002 2 

0.04 4 

0.01 1 

0.003 3 

0.09 9 

0.03 3 

0.02 2 

0.005 5 

0.08 8 

0.002 2 

OBL V V 
IMRT T 

na a 

0.009 9 

0.0008 8 

0.0001 1 

0.2 2 

0.005 5 

0.0007 7 

0.1 1 

0.06 6 

0.2 2 

0.4 4 

0.8 8 

0.1 1 

0.2 2 

0.007 7 

WIDEV V 
IMRT T 

na a 

0.5 5 

0.8 8 

0.1 1 

0.5 5 

0.002 2 

0.05 5 

0.0001 1 

0.004 4 

0.02 2 

0.04 4 

0.03 3 

0.02 2 

0.1 1 

0.0003 3 

Withh respect to the IMC, the average mean doses were 97.2, 108.0 and 
99.6%% for the oblique electron, wide split tangent and IMRT plans, 
respectivelyy (Figure 4B). The means were all significantly different 
(p<0.005).. The average RMS dDVH was highest for the IMRT (4.6%) and 
lowestt for the oblique electron plan (2.8%). The VD95% and VD107% was the 
lowestt for the oblique electron and highest for the wide split tangent plan. 
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Thee VD95„107% was 79.9, 56.2 and 86.8% for the oblique electron, wide split 
tangentt and IMRT tangent techniques, respectively. 

Thee VD95o/o, VD107% and VD95_107% of the oblique electron plan were not 
significantlyy different from the IMRT plan (p=0.06, 0.1 and 0.2, respectively). 

NTCPP for Excess Late Cardiac 
Mortality y 

a.. 4 
o o 
i --
zz 3 

2 2 

1 1 

0 0 

 wide 

Dobl l 

limrt t 

LL UJ 

11 2 3 4 5 6 7 8 9 10 11 12 

Patien t t 

FigureFigure  5. Normal tissue complication probability for excess late cardiac mortality by 
patientpatient and technique. Patients sorted by the wide split tangent technique's 
NTCPNTCP values (wide=wide split tangent, obi-oblique electrons, imrt=IMRT 
tangent). tangent). 

Norma ll  tissu e complicatio n probabilit y 

Thee average NTCP for excess late cardiac mortality was 0.6, 2.1 and 
0.6%% for the oblique electron, wide split tangent and IMRT techniques, 
respectively.. The differences between the IMRT and wide split tangent plans 
andd between the oblique electron and wide split tangent plans were 
significantlyy different (p=0.03 and p=0.02, respectively). The individual 
NTCPP values for the heart showed a consistent, systematic decrease of 
approximatelyy 70% when going from the wide split to the other two 
techniquess (Figure 5). 

Thee average NTCP for radiation pneumonitis was 0.6, 2.2 and 0.7% for 
thee oblique electron, wide split tangent and IMRT techniques, respectively. 
Althoughh the reduction in the individual lung NTCP values between the wide 
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splitt and the other two techniques was suggestive, the differences were not 
significantlyy different (Figure 6). No obvious correlation between the heart 
andd lung NTCPs were found. 

Thee average partial body mean dose was 8.8, 14.8 and 7.2% for the 
obliquee electron, wide split tangent and IMRT tangent techniques (Figure 
4E).. These were all significantly different (p<0.007). 

NTCPP fo r Radiatio n Pneumoniti s 
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o. . 
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FigureFigure  6. Normal tissue complication probability for radiation pneumonitis by 
patientpatient and technique. Patients sorted by the wide split tangent 
technique'stechnique's NTCP values. Patient numbers correspond to those of 
FigureFigure 5 (wide=wide split tangent, obl=oblique electrons, imrt=IMRT 
tangent). tangent). 
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Discussio n n 

Targe tt  dos e coverag e 

Breas t t 
Withh respect to the breast, the smallest RMS dDVH was found with the 

IMRTT tangent technique, implying better dose homogeneity compared to the 
otherr techniques. The IMRT plan also had the lowest VD95% suggesting the 
greaterr dose inhomogeneity seen in other techniques was caused by 
overdosagee (as demonstrated by VD107%) as opposed to underdosage. The 
coveragee of the breast target volume was similar between the IMRT tangent 
andd the wide split tangent technique as demonstrated by the RMS dDVH, 
VD95%% and VD107%. The RMS dDVH between the oblique electrons and IMRT 
tangentt technique were significantly different. 

However,, when we examine the breast target coverage, as measured 
byy the VD95_107%, no significant differences were found between any of the 
techniquess studied. Comparable target coverage should be achieved before 
evaluatingg the other dosimetric data. 

Interna ll  mammar y chai n 
Thee IMC's mean dose differed significantly between all plans (p<0.007). 

Thiss is clearly seen in Figure 4B. The lowest mean dose was found with the 
obliquee electron technique (97.2%) and the highest, with the wide split 
tangentt technique (108.0%). 

Iff the intent of treatment is to adequately treat the IMC, then a low mean 
dosee is particularly undesirable. Our findings are consistent with others who 
havee reported a relative underdosage in the IMC with the oblique electron 
techniquee [3,30]. The underdosage is even more prominent in the other 
studiess as they were treating the entire IMC, making the target coverage 
moree difficult. The wide split tangent technique had a notable amount of 
overdosagee in the IMC. This may be due to the practical limitations of this 
technique.. The use of wedges created unavoidable regions of higher dose. 
Givenn that wedges correct dose only along one dimension and that the 
breastt is curved along two dimensions, it is not surprising significant 
overdosagee is present. Furthermore, it is not possible to optimally treat both 
thee breast and IMC simultaneously using simple wedges. One advantage 
presentt in the IMRT tangent technique is the ability to compensate dose 
alongg two dimensions that, by itself, will improve the dose homogeneity. 

Ass a first order approximation to estimate the gain attributable to the 
additionn of intensity modulation, one can compare the IMRT tangent and the 
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widee split tangent techniques. The RMS dDVH is the largest for the IMRT 
tangentt technique suggesting greater dose inhomogeneity. However, when 
wee examine the dDHVs (Figure 4B), the wide split tangent technique clearly 
appearss to have the largest RMS dDVH. This counter-intuitive observation 
appearss to contradict the results stated in Table 2. To explain this, a 
distinctionn needs to be made between the average used for the mean dose 
andd the average used for the RMS dDVH. For the wide split technique, the 
averagee mean dose for the entire sample is associated with a large amount 
off variability (SD: 7.5%). When the dDVH for all wide split tangent patients 
aree averaged together, the resulting curve is quite wide, reflecting the large 
standardd deviation. However, the dose homogeneity, as measured by the 
RMSS dDVH, depends only on the width of the dDVH curve and is 
independentt of the mean dose. The smaller RMS dDVH associated with the 
widee split tangent technique suggests better dose homogeneity, but does 
nott necessarily imply better target coverage. To illustrate, one could have a 
RMSS dDVH of 0.1%, but a mean dose of 50%. Although one has excellent 
dosee homogeneity, the target coverage is clearly suboptimal due to the 
inadequatee mean dose. 

Too take the RMS dDVH and mean dose into account when measuring 
targett coverage, we use the VD95_107%. When we compare the VD95-m% 
betweenn the different plans, the IMRT tangent technique has the best IMC 
coveragee (86.8%), followed by the oblique electrons (79.9%) and then the 
widee split tangents (56.2%). The IMRT technique has significantly better 
targett coverage compared to the wide split tangent technique (p=0.02). 

Norma ll  tissu e complicatio n probabilit y 

Heart t 
Thee lowest NTCP for excess late cardiac mortality was found with the 

obliquee electron (0.6%) and IMRT tangent techniques (0.6%). Both these 
techniquess were significantly different from the wide split tangent technique. 
Althoughh these values were small, the NTCP model parameters used to 
estimatee them have relatively large uncertainties, so the absolute values 
shouldd be interpreted with caution. As better prospective dosimetric and 
outcomee data become available, the accuracy of these models should 
improve.. However, the relative differences between the different techniques 
aree unlikely to change, even with more accurate data, in light of the 
consistent,, systematic decrease in the heart NTCP from the wide split 
tangentt technique to the other two techniques (Figure 5). 

Thee calculated heart NTCP values using the oblique electron technique 
weree smaller than those reported by Hurkmans et al [30]. Instead of treating 
thee entire IMC chain, as they did, we limited our irradiation to only the upper 
portionn (1st-3rd intercostal spaces) of the IMC. Consequently, the heart 
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receivedd less dose resulting in lower NTCP values. 

Lung s s 
Alll three techniques had relatively low lung NTCP values (range: 0.6-

2.2%).. No significant differences were found between any of the techniques. 
Noo obvious correlation between the heart and lung NTCPs were found 
(Figuree 6). If such a correlation existed, the patient order in Figure 6 would 
bee similar to Figure 5. 

Partia ll  bod y 
Thee scatter dose to the contralateral breast was not specifically 

investigated.. However, DVHs for the partial body dose was studied (Figure 
4E)) which could be used to approximate the scatter dose. The IMRT 
techniquee had significantly less mean dose compared to the other 
techniques. . 

Otherr  consideration s 
Withh the oblique electron technique, the use of electrons minimizes the 

dosee to deeper structures, particularly heart and lungs. However, it is 
resource-intensivee due to more complicated treatment planning and 
delivery.. Junctioning between the photon and electron match-line as well as 
thee use of the anterior oblique parasternal fields to irradiate the IMC all 
contributee to increased dose inhomogeneity. Also, the IMC depth 
determiness the electron energy used and this may limit its effectiveness in 
treatingg very deep IMCs. 

Thee wide split tangent technique, conversely, had better coverage of the 
breastt but significantly overdosed the IMC. This technique generally 
resultedd in the highest NTCP values for both excess late cardiac mortality 
andd radiation pneumonitis. Although it is the simplest to plan and implement, 
thee higher risk of complications suggests, at the very least, caution in its 
use. . 

Thee IMRT technique offered the best compromise between the two 
competingg interests of the PTV (breast and IMC) and organs at risk (ORs). It 
wass able to maintain low NTCP values for both heart and lungs, comparable 
too the oblique electron technique, and to offer the best target coverage of 
thee breast and IMC. The use of IMRT, however, requires significant 
resourcess and can be time-consuming to plan, verify and deliver compared 
too the wide split tangent technique. Whether the IMRT technique is more 
resource-intensivee than the oblique electron technique requires further 
study.. However, if they both require comparable resources and time, then a 
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strongg argument could be made on dosimetric grounds to justify the use of 
thee IMRT technique. 

Inn the "oligobeam" approach (<5 beams), beam direction becomes an 
importantt factor [48,51,55,56]. Parallel opposed beam directions are known 
too be suboptimal when using IMRT. Despite the suboptimal tangential beam 
directionss used in this planning study, the IMRT tangent technique was still 
ablee to significantly reduce dose to the ORs in most patients. Orthogonal 
beamss directions should theoretically improve dose conformality, particularly 
whenn concave target volumes are involved, due to better dose modulation. 
Interestingly,, studies examining beam directions in breast irradiation [35,54] 
havee found that (near) tangential beams are still optimal, even with IMRT. 
Wee will be investigating this apparent discrepancy in the future. 

Anotherr potential area of improvement involves beam segmentation. 
Thee average number of segments required for each beam was 19.4 (range: 
10-30).. This number is probably the upper limit for two reasons. Firstly, 
severall beam segments had relative beam weights of less than 3%. If these 
segmentss were excluded, it is unlikely the overall dose distribution would be 
significantlyy affected. Secondly, we know the use of uniformly quantized 
intensityy levels is not the ideal solution. Non-uniform quantized intensity 
levelss could be a method of minimizing the number of beam segments 
withoutt significantly compromising the beam intensity profile. This would 
havee several practical advantages in treatment planning and delivery. The 
magnitudee of this benefit, however, still remains to be quantified. 

Inn conclusion, the lowest lung and heart NTCP values are found with the 
obliquee electron and IMRT tangent techniques. However, the IMRT tangent 
techniquee gave the best target coverage of the breast and IMC. 
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Abstrac t t 

Purpose.Purpose. The main purpose of this work is to reduce the cardiac and 
lungg dose by applying conformal tangential beam irradiation of the intact left 
breastt with and without intensity modulation, instead of rectangular 
tangentiall treatment fields. The extension of the applicability of the maximum 
heartt distance to conformal tangential fields as a simple patient selection 
criterion,, identifying patients for which rectangular and conformal tangential 
fieldss without intensity modulation will result in unacceptable NTCP values 
forr late cardiac mortality (e.g., > 2%), was also investigated. 

MaterialsMaterials and methods. 3D treatment planning was performed for 17 left-
sidedd breast cancer patients. Three different tangential beam techniques 
weree compared: 1) optimised wedges without blocks, 2) optimised wedges 
withh conformal blocks and 3) intensity modulation. Plans were evaluated 
usingg dose-volume histograms (DVHs) for the planning target volume (PTV), 
thee heart and the lungs. Normal tissue complication probabilities (NTCPs) 
forr radiation pneumonitis and late cardiac mortality were calculated using the 
DVHH data. The maximum heart distance (MHD) was measured for all 
rectangularr (MHDrectanguiar) and conformal (MHDconformai) treatment plans. 

Results.Results. For all patients, on averaged part of the PTV receiving a dose 
betweenn 95% and 107% of the prescribed dose of 50 Gy in 25 fractions of 2 
Gyy was 90.8% (SD: 5.0%), 92.8% (SD: 3.5%) and 92.8% (SD: 3.6%) for the 
IMRT,, conformal and rectangular field treatment technique, respectively. 
Thee NTCP for radiation pneumonitis was 0.3% (SD: 0.1%), 0.4% (SD: 0.4%) 
andd 0.5% (SD: 0.6%) for the IMRT, conformal and rectangular field 
technique,, respectively. The NTCP for late cardiac mortality was 5.9% (SD: 
2.2%)) for the rectangular field technique. This value was reduced to 4.0% 
(SD:: 2.3%) with the conformal technique. A further reduction to 2.0% (SD: 
1.1%)) could be accomplished with the IMRT technique. 

Thee NTCP for late cardiac mortality could be described as a second 
orderr polynomial function of the MHD. This function could be described with 
aa high accuracy and was independent of the technique for which the MHD 
wass determined (r2 = 0.88). In order to achieve a NTCP value for late 
cardiacc mortality below 1%, 2% or 3%, the MHD should be equal to or 
smallerr than 11 mm, 17 mm or 23 mm, respectively. If such a maximum 
complicationn probability cannot be accomplished, a treatment using the 
IMRTT technique should be considered. 

Conclusions:Conclusions: The use of conformal tangential fields decreases the 
NTCPP for late cardiac toxicity on average by 30% compared to using 
rectangularr fields, while the tangential IMRT technique can further reduce 
thiss value by an additional 50%. The MHD can be used to estimate the 
NTCPP for late cardiac mortality if rectangular or conformal tangential 
treatmentt fields are used. 
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Introductio n n 

Radiationn therapy after breast conserving surgery of patients with breast 
cancerr is effective in reducing the risk of a local recurrence. Postoperative 
radiotherapyy of the breast is typically delivered with rectangular tangential 
fields.. With this technique appreciable dose inhomogeneity within the 
irradiatedd volume can be present [2,4], and the dose delivered to the lung, 
andd heart can be high [12,15,27]. 

Intensityy modulation radiation therapy (IMRT) techniques have been 
developedd in order to reduce these dose variations and spare the organs at 
risk.. Some of these techniques use tangential fields with a non-divergent 
dorsall field edge [3,6,7]. Others have developed conformal tangential IMRT 
techniquess in which the beam intensity profile is conformed to the chest wall 
orr delineated target volume [13,24,25,29,30]. The shape of the IMRT profile 
cann be optimised based on geometrical parameters such as the shape of the 
breastt and thoracic wall or on dosimetric parameters using inverse planning. 
Mostt of these studies had as a main purpose to make the dose distribution 
inn the breast more homogeneous, using geometrical parameters. 
Consequently,, it was not always possible to establish a satisfactory 
compromisee between the dose delivered to the target volume and the dose 
deliveredd to the organs at risk. Inverse planning does provide a method for 
minimizingg the dose in the organs at risk while maintaining adequate target 
coverage. . 

Mostt IMRT studies show a potential clinical benefit compared to 
rectangularr tangential fields without conformal blocks, either in sparing 
organss at risk or in improved dose homogeneity over the target volume. 
However,, implementation in clinical practice of such IMRT techniques will 
requiree additional resources compared to conventional breast treatment 
becausee IMRT delivery and verification will be more time consuming and 
complex.. Therefore, it would be useful to distinguish between patients for 
whomm IMRT is needed, and patients, who can be treated satisfactorily 
withoutt IMRT. 

Hongg et al. showed a benefit of IMRT plans when compared to standard 
treatmentt planning techniques using optimised beam weights and wedges 
andd superior and inferior corner blocks in the tangential fields if needed [13]. 
However,, they did not compare these treatment plans with standard 
rectangularr tangential fields that are widely used in clinical practice. The 
dosee distribution can already be more conformed to the target volume if 3D 
dataa are available and conformal treatment fields are used compared to 
usingg rectangular tangential fields, consequently reducing the dose to the 
organss at risk. Intensity modulation can be considered as an additional step 
andd allows for greater freedom in improving the dose distribution than a 
combinationn of open and wedged beams. This may result in a further 
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improvementt of the dose distribution in both the target volume and the 
organss at risk. The relative improvement attributable to the intensity 
modulatedd irradiated fields versus conformed fields is not yet known for 
breastt irradiation. 

Thee aim of this study is to quantify the possible reduction in radiation 
toxicityy of the organs at risk using conformai radiotherapy with and without 
thee use of intensity modulation, compared to simple rectangular tangential 
fieldd irradiation. It was also investigated if it is possible to extent the 
applicabilityy of the maximum heart distance to conformai tangential fields as 
aa simple patient selection criterion, identifying patients for which rectangular 
andd conformai tangential fields without intensity modulation will result in 
unacceptablee NTCP values for late cardiac mortality [15]. 

Method ss and Material s 

Patien tt  dat a 

Thee CT data of 17 randomly selected left-sided breast cancer patients 
weree used for this retrospective treatment planning study. CT slices of the 
thoraxx were acquired every 5 mm with the patient lying in supine position. 
Tenn patients were positioned with both arms resting in an arm-rest placed 
abovee the head equivalent to the treatment position, while the other 7 had 
theirr arms placed besides but not touching their body. This position has 
beenn shown to enable treatment planning of tangential fields without the 
armss extending into the treatment fields, without changing the breast shape 
significantlyy [11,18]. The CT scan included the complete left and right lung, 
bothh breasts and the heart. The average separation between the most 
mediall and most lateral aspect of the breast was 21.1 cm (range: 18.0-26.5 
cm). . 

Definitio nn of plannin g targe t volum e and organ s at ris k 

Thee clinical target volume (CTV) was delineated by a radiation 
oncologistt using a standard window level (0 HU) and width (500 HU), which 
iss in our institution considered optimal for visibility of the glandular breast 
tissue.. The CTV was assumed to start 5 mm below the skin and to be 
smooth. . 

AA planning target volume (PTV) was generated by expanding the CTV 7 
mmm isotropically, except in the direction of the skin surface, to account for 
thee uncertainty in the patient set-up and CTV delineation. The average PTV 
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wass 796 cm3 (range: 180-1883 cm3). 
Thee cranial extent of the heart included the infundibulum of the right 

ventricle,, the right atrium, and the right atrium auricle but excluded the 
pulmonaryy trunk, the ascending aorta and the superior vena cava. The 
lowestt external contour of the heart was the caudal border of the 
myocardium.. The pericardium was excluded from the heart volume. The 
contourss of the lungs and skin were automatically outlined. 

Rectangula rr  and conforma l plan s 

Thee gantry and collimator angles of the tangential 6 MV photon fields 
weree chosen using the beam's-eye view option of our 3D treatment planning 
systemm U-Mplan (version 339) [8]. A margin of 6 mm was taken between the 
fieldd edge and the breast PTV to account for the beam penumbra. The 
dorsall field edges of the tangential fields were made non-divergent to reduce 
thee irradiated lung volume. The rectangular plans did not include any blocks 
inn the treatment fields. In the conformal plans, an automatically generated 
conformall block around the PTV with a margin of 6 mm was added to these 
fields.. The treatment planning was performed using the 3-D treatment 
planningg system. An octree/edge model [9] is used for photon beam dose 
calculationss in combination with an equivalent path length algorithm to 
accountt for tissue inhomogeneities [19]. The optimum wedge angle and 
beamm weights were calculated using the optimisation module (version 1.0) of 
U-Mplan.. The goal of the optimisation is to obtain a homogeneous dose, 
betweenn 95% and 107% of the prescribed dose of 50 Gy in the PTV, while 
maintainingg a low dose in the lungs and heart. The quadratic objective 
function,, the mean square deviation between calculated and prescribed 
dosee values in the PTV and dose constraints for the organs at risk, was 

TableTable  1. Objective function used in the inverse planning process. The penalties are 
givengiven in brackets. The priority determines to which volume voxels will be 
assignedassigned in KonRad in case different volumes overlap. 

Volume ;;  priorit y 
Heart;; 1 
PTV;; 2 

Leftt lung; 3 
Rightt lung; 4 

Totall body volume; 5 

Minimu mm dos e (Gy) 

49.55 (75) 

Maximu mm dos e (Gy) 
24(5) ) 
500 (50) 
15(2.5) ) 
15(2.5) ) 
15(1) ) 

optimised.. The parameters of the physical objective function are listed in 
Tablee 1. 
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IMRTT plan s 

Usingg the same gantry angles as applied in the rectangular field plans, 
tangentiall 6 MV photon beam intensity profiles were calculated using the 
inversee planning program KonRad version 1.2 beta 10 (MRC Systems 
GmbH,, Heidelberg, Germany) [26]. The same physical objective function 
usedd in the optimisation of the rectangular and conformal treatment plans 
wass used to calculate the optimal intensity profiles. 

Thee resolution of the intensity matrices was set to 10 mm (leaf width) by 

Beam'ss eye view of tangential field 

H H 
conformall block 

D D 
heartt contour 

MHDconformal l 

MHD r e c t a n g U | a r r 

F F 

FigureFigure  1. The maximum heart distance (MHD) is defined as the maximum distance 
ofof the heart contour, as seen in a beam's-eye view of the medial 
tangentialtangential field, to the medial field edge, determined perpendicular to the 
dorsaldorsal field border. The MHD of the rectangular field (MHDrecta„gtJiar) is 
measuredmeasured to the medial field border determined by the collimator jaw, 
whilewhile the MHD of the conformal field (MHDconf0rmai) is measured to the 
medialmedial field border determined by the conformal block. 

55 mm (direction of leaf travel). A separate sequencer developed at the 
Radiotherapyy Department of the Utrecht Medical Centre, The Netherlands, 
combinedd with in-house developed software was used to convert the 
KonRadd fluence profiles to suitable step-and-shoot segments, which allows 
deliveryy on an Elekta treatment unit. To minimize the number of segments, a 
1-DD median filter (bixelwidth: 5) along the direction of leaf travel was applied 
too the continuous fluence profiles. These were then stratified into 10 equally 
spacedd intensity levels. It was estimated that this number of levels would 
yieldd no more than 30 segments per fraction. This was considered the 
maximumm acceptable number of segments for clinical implementation in our 
institutee at the time this study took place due to the time needed to deliver 
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300 segments and the amount of console input needed after every segment 
att an Elekta linear accelerator without Elekta RTD step-and-shoot software. 

Afterr sequencing, the segment weights were refined with the 
optimisationn module of U-Mplan, using the same objective score function. 
Thiss additional optimisation accounted for the differences in the segment 
normalizationn between U-Mplan and KonRad. The final dose distribution was 
calculatedd using U-Mplan. Thus, the same dose calculation algorithm was 
usedd for all rectangular, conformal and step-and-shoot IMRT plans. 

TableTable  2. Mean PTV coverage and heart and lung complication probabilities for the 
IMRT,IMRT, conformal and rectangular irradiation techniques. 

Volum e e 
off  interes t 

PTV V 

Heart t 

Bothh lung s 

Paramete r r 

Meann dos e 
Meann SD of the 
dos ee to the PTV 

VQ95%% "  VDI07% 

VD95%% ! VD107% 
NTCP P 

V(D95%) ) 
NTCP P 

Meann dos e 

IMRT T 
%% (SD1) 
1000 (0.0) 
4.3(1.3) ) 

90.88 (5.0) 
93.00 ; 2.2 
2.0(1.1) ) 
1.0(1.0) ) 
0.3(0.1) ) 
9.88 (2.5) 

Conforma l l 
%% (SD) 

100(0.0) ) 
4.00 (0.9) 

92.88 (3.5) 
95.22 ; 2.5 
4.00 (2.3) 
4.0(4.1) ) 
0.44 (0.4) 
9.22 (6.3) 

Rectangula r r 
%% (SD) 

100(0.0) ) 
4.00 (0.9) 

92.88 (3.6) 
95.55 ; 2.8 
5.99 (2.2) 
4.99 (3.6) 
0.55 (0.6) 
11.3(7.1) ) 

1SDD : standard deviation 
2VD95%% - VD107% : The part of the PTV that receives a dose higher than 95% and less 
thann 107% of the prescribed dose. 

Dataa analysi s 

Thee prescribed dose was 2 Gy per fraction, with a total treatment dose 
off 50 Gy delivered over 5 weeks. In order to compare the dose distribution in 
thee PTV objectively between the different techniques, each plan was 
normalizedd to the mean dose and the dose variation was characterized by 
itss standard deviation. It is assumed that similar differential DVHs, as 
definedd by their mean and standard deviation, would yield identical 
treatmentt results, i.e., local control, for the breast for all techniques. The 
moree commonly used homogeneity parameter V95o/o.107o/o, the part of the PTV 
receivingg at least 95% but less than 107% of the reference dose, was also 
calculatedd for the breast PTV [20]. The breast separation, defined as the 
distancee between the medial and lateral field borders at the cranio-caudal 
positionn of the nipple, was measured to be able to determine the 
dependencee of the dose homogeneity in the breast on this parameter. 
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FigureFigure  2. Difference between the IMRT and conformal dose distribution in 
percentagepercentage of the prescribed dose. The plane perpendicular to the beam 
axisaxis at the position where the largest part of the heart is inside the 
conformalconformal fields for patient 15 is shown in Figure 2. The area where the 
dosedose is lower for the IMRT technique is shown on the left side, while the 
areaarea where the dose is higher for the IMRT technique is shown on the 
rightright side. 

Too quantify lung and heart toxicity, the physical dose distribution was 
firstt converted into a normalized total dose (NTD) distribution [23], using the 
linearr quadratic model with an oc/(3 ratio of 3 Gy. For the heart, the Normal 
Tissuee Complication Probability (NTCP) for excess cardiac mortality after 
10-155 years caused by myocardial infarcts or ischaemic heart diseases was 
calculatedd using a fractionation schedule of 2 Gy per fraction and by 
applyingg the relative seriality model [21] with parameter values s=1, 
D50=52.33 Gy and y =1.28 as derived by Gagliardi et al. [10]. 

Inn order to find a simple selection criterion for patients who cannot be 
treatedd adequately without IMRT, the maximum heart distance (MHD) was 
determinedd for the rectangular (MHDrectangUiar) and conformal (MHDconformai) 
techniquee [15]. This quantity is defined as the maximum distance of the 
heartt contour to the medial field edge of a rectangular or blocked field, 
measuredd parallel to the caudal field edge, as can be seen on a beam's-eye 
vieww of the medio-lateral tangential field (Figure 1). 

Inn the calculations of lung toxicity, the left and right lungs are treated as 
aa single organ. After the NTD calculation, the mean normalized total dose 
(NTDmean)) is calculated and used to compute the NTCP for radiation 
pneumonitis.. The clinical results of a large multi-centre study of the relation 
betweenn the incidence of radiation pneumonitis and DVH parameters [22] 
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weree used. Paired two-sided Student t-tests were used to test if the 
differencess in PTV homogeneity and NTCP values between the three 
irradiationn techniques were statistically significant. 

Result s s 

Thee dose variation in the PTV (SD) is not significantly different between 
thee three techniques (p-values > 0.3), resulting in similar treatment results 
forr the breast for all techniques (Table 2). The average number of segments 
perr fraction for the IMRT technique is 15 (range:7-25), which meets our 
plannedd constraint that the total number of segments per fraction should not 
exceedd 30. An example of the difference between the IMRT and conformal 
dosee distribution in the plane perpendicular to the beam axis at the position 
wheree the largest part of the heart is inside the conformal fields is shown in 
Figuree 2. 

TableTable  3. Mean PTV coverage and heart and lung complication probabilities for the 
IMRT,IMRT, conformal and rectangular irradiation techniques. 

Volum e e 
off  interes t 

PTV V 

Heart t 

Bot hh lung s 

Paramete r r 

Meann dos e 
Meann SD of the 
dos ee to the PTV 

VD95%% - VQ 1 0 7% 

VD95%% > VQ107% 

NTCP P 
V(D95%) ) 

NTCP P 
Meann dos e 

IMRT T 
%% (SD1) 
100(0.0) ) 
4.3(1.3) ) 

90.88 (5.0) 
93.00 ; 2.2 
2.0(1.1) ) 
1.0(1.0) ) 
0.3(0.1) ) 
9.88 (2.5) 

Conforma l l 
%% (SD) 

100(0.0) ) 
4.00 (0.9) 

92.88 (3.5) 
95.22 ; 2.5 
4.00 (2.3) 
4.0(4.1) ) 
0.44 (0.4) 
9.22 (6.3) 

Rectangula r r 
%% (SD) 

100(0.0) ) 
4.00 (0.9) 

92.88 (3.6) 
95.55 ; 2.8 
5.99 (2.2) 
4.99 (3.6) 
0.55 (0.6) 
11.3(7.1) ) 

1SDD : standard deviation 
2VD95%% - VD107% : The part of the PTV that receives a dose higher than 95% and less 
thann 107% of the prescribed dose. 

Comparedd to the conformal dose distribution, The IMRT dose is reduced 
withh approximately 20% near the dorsal border of the PTV, thus reducing the 
dosee in the lungs and heart. The IMRT dose is increased with approximately 
5%% in the middle of the PTV to achieve a more homogeneous dose 
distributionn in that part. Overall, the standard deviation of the dose 
distributionn in the breast is not significantly different between the two 
techniques,, but the position of the low and high dose regions is reallocated. 

Thee average dose homogeneity, expressed as V95o/o.107%, is 90.8% for 
thee IMRT technique compared to 92.7% and 92.8% for the two other 
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techniques.. The differences in Vg5%.107% between the IMRT and conformal 
techniquee and conformal and rectangular field technique are not statistically 
significantt with p-values of 0.13 and 0.48, respectively. The use of 6 MV 
beamss results in an acceptable homogeneous dose for our clinically used 
rectangularr field technique in almost all patients. Using this technique, only 
forr 2 patients, with a breast separation greater than 24 cm, is the V95o/o_107o/o 

lesss than 90%. The dose variation over the PTVs was almost uncorrelated 

LLIIL L ill l illl ii.i 
11 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 

Patien tt  # 

FigureFigure  3. Calculated NTCP values for late cardiac mortality for the rectangular field 
echniqueechnique (grey bars), the conformal technique (open bars) and the IMRT 
techniquetechnique (black bars). 

withh the breast separation (r2 <0.2 ) and the variation was only weakly 
correlatedd with breast volume (r2 <0.4 ). 

Thee average NTCP value for late cardiac mortality is 5.9% for the 
rectangularr field technique. This value is reduced to 4.0% and 2.0% using 
thee conformal or IMRT technique, respectively. These reductions are both 
highlyy significant with p-values <0.001. The NTCP values calculated for the 
threee techniques for each patient are shown in Figure 3. For patient #13, a 
slightlyy higher NTCP value was found for the conformal technique than for 
thee rectangular field technique. This was caused by an altered dose 
distributionn in the PTV. The high dose region in the PTV shifted slightly to 
thee inferior side of the breast. This resulted in a lower mean dose to the PTV 
relativee to the dose to the heart than for the rectangular plan. After 
renormalizationn of the plan to the mean PTV dose, the dose to the heart in 
thee conformal plan was slightly higher than the dose to the heart in the 
rectangularr plan. 
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Theree is a strong correlation between MHDrectanguiar and the NTCP for 
latee cardiac mortality for the rectangular field technique, and a 
correspondingg correlation between MHDconformai and the NTCP for the 
conformall technique. The NTCP data of the rectangular and conformal 
techniquee are fitted to a single second-degree polynomial function of the 
MHD,, with a high correlation (r2 = 0.88), independent of the technique used. 
Thiss simple patient selection curve can easily be used clinically to select 
patientss for IMRT treatment. The data and polynomial fit with 95% 
confidencee interval of the fit are shown in Figure 4. 

00 10 20 30 40 50 60 

Maximu mm Heart Distanc e (mm) 

FigureFigure  4. NTCP for late cardiac mortality versus maximum heart distance for the 
rectangularrectangular (a) and conformal (o) technique. The data of a previous study 
(x)(x) using the rectangular field technique [14] has also been included. The 
straightstraight line represents the best fit through all data points using a second 
orderorder polynomial, while the dotted lines show the 95% confidence interval 
ofof the fitted curve (r2 = 0.88). 

Thee average NTCP for radiation pneumonitis was already low for the 
rectangularr field technique (0.5%). This value was further reduced to 0.4% 
andd 0.3% using the conformal and IMRT technique, respectively. However, 
thee difference between the conformal and IMRT technique is not significant 
(p=0.28).. The differences between the IMRT technique and rectangular field 
techniquee and between the conformal and rectangular field technique are, 
however,, significant (p=0.05 and p=0.003, respectively). Cumulative dose-
volumee histograms for the lung and heart for one patient (patient #8) are 
givenn as an example in figure 5. 

135 5 



ChapterChapter 7 

100 0 

400 60 

Dose(%) ) 

100 0 

100 0 

400 60 

Dose(%) ) 

100 0 

B B 

FigureFigure  5. Cumulative dose-volume histograms for the lung (A) and heart (B) for 
oneone patient (patient #8). 

Discussion n 

Thee IMRT treatment planning procedure is more time consuming than 
thee rectangular or conformal field treatment planning procedure. The extra 
stepss in the planning process involve: 1) Transportation of the CT scans and 
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contourss to the inverse treatment planning system. 2) Defining the gantry 
andd collimator angles of the beams and optimising the beam fluence profiles 
usingg the objective function. 3) Sequencing of the beams to produce step-
and-shoott segments that can be delivered on an Elekta accelerator and 4) 
Transportationn of these beam segments back to our clinical treatment 
planningg system. These extra steps in the planning procedure take 
approximatelyy 20 minutes. This extra time only applies for the specific 
combinationn of the KonRad and U-Mplan treatment planning systems used 
inn our institution and will be different if other treatment planning systems are 
used. . 

3DD treatment planning is not always needed to prevent high lung or 
heartt doses. To minimize the treatment preparation workload on a CT 
scannerr and in the treatment-planning department, we suggest one can start 
withh standard simulation of tangential fields on a conventional simulator. 
Onlyy when the maximum heart distance [15] or central lung distance [1] 
exceedss certain limits, full 3D treatment planning is needed. For instance, if 
onee wants a maximum estimated NTCP for late cardiac mortality of 1%, 2% 
orr 3%, the MHD should be equal to or smaller than 11 mm, 17 mm or 23 
mm,, respectively (see Figure 4). If the MHD is, for example, 22 mm using 
rectangularr fields, but can be reduced to 15 mm or less by conforming the 
fieldss to the PTV by applying the simulator images, than full 3-D planning 
cann still be avoided if an estimated NTCP of 2% or less is acceptable. 
However,, if the MHD still exceeds 17 mm, a full 3-D IMRT treatment plan 
shouldd be considered to reduce the NTCP for late cardiac mortality below 
2%. . 

Byy conformation of the treatment fields to the target volume, part of the 
heartt is blocked which results in the observed reduction in NTCP values for 
cardiacc mortality compared to the rectangular field technique. The observed 
dosee reduction to the heart when going from the conformal technique to the 
IMRTT technique is mainly attributed to the reduction in dose in the area 
betweenn the PTV edge and the block edge, i.e., the 7 mm margin around the 
PTVV (Figure 2). This isotropic margin to account for the beam fringe, i.e., the 
distancee between the 95% and 50% isodose surface, required in the 
conformall plan is not needed in the IMRT plan. The size of the IMRT beam 
onlyy depends on the dose based objective function and the position of the 
PTVV with respect to the organs at risk, and not on predefined minimum 
marginss between the beam edge and the PTV. A similar result might also be 
reachedd by placement of a block to shield the heart completely. However, 
suchh a procedure will result in a decrease in dose in the PTV. 

Thee difference in the average V95o/(r107o/o between the techniques is not 
statisticallyy significant. This can be expected, as the standard deviation of 
v95%-io7%% within each technique is much larger than the difference of the 
averagee V95o/O.107% between the techniques. The dose in the medial part of 
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thee PTV is slightly reduced for some patients using the IMRT technique, 
whichh is not evident from the DVH data. This was reviewed by one of our 
clinicians,, who judged these small reductions clinically not significant, also 
keepingg in mind the large inter-observer variations in the delineation of the 
targett volume [16]. 

Thee NTCP model parameters to model excess cardiac mortality 
resultingg from radiotherapy were determined by Gagliardi ef al. These 
parameterss were considered most clinically applicable since they were 
derivedd from the data of two large randomised trials concerning breast 
cancerr irradiation i.e., the Stockholm and Oslo breast cancer trials [14,28]. 
However,, the uncertainty in the scoring of excess cardiac deaths was still 
largee and the 95% confidence interval ranged from 0 to 15%. This attributed 
too a considerable uncertainty in the determination of the parameter values. 
However,, a large meta-analysis of eight clinical breast cancer trials for 
patientss that received a radical or modified mastectomy and radiotherapy, 
includingg the Oslo and Stockholm trials, confirmed the existence of excess 
cardiacc mortality [5]. No significant differences in excess cardiac mortality 
betweenn the trials were found, which suggest the values predicted by the 
NTCPP model are in the same range as the generally observed values. Still, 
onee has to be careful to rely on the absolute NTCP values only and one 
shouldd take dose-volume or other treatment parameters into account as 
well. . 

Inn this study, the margin between the PTV and CTV was 7 millimetres. 
Thiss margin is considered adequate to take set-up and CTV delineation 
uncertaintyy into account. The size of the set-up errors has been determined 
inn a number of institutions [17]. The effect of set-up errors on the dose 
homogeneityy in the PTV and on the NTCP values will be the subject of 
futuree work. These effects may be important for the delivery of both the 
conformall and IMRT technique. The dose to the contralateral breast will 
probablyy not differ much between the standard and conformal techniques 
studied,, if the conformal field shape is generated using multileaf collimation. 
Thee difference in contralateral breast dose between these two techniques 
andd the IMRT technique will depend on the practical clinical implementation, 
e.g.. MLC generated versus use of compensators or physical wedges, of the 
IMRTT technique [3]. Treatment verification of the dose distribution and dose 
deliveryy in clinical practice using a liquid ionisation chamber EPID is 
currentlyy investigated in our institution. The appropriate margin that should 
bee applied in order to also incorporate CTV delineation uncertainty depends 
onn the variation in CTV delineation. Data about these variations are scarce 
andd more data are needed to properly account for delineation uncertainties. 

AA single global objective function for all patients was used which resulted 
inn an overall decrease in heart and lung NTCP while still maintaining 
adequatee dose homogeneity in the PTV. Thus, the planning of the IMRT 
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techniquee can be performed in clinical practice without time consuming 
customizedd adjustments of penalty values. 

Comparingg the dose variation using the standard deviation of the dose 
distributionn in the PTV, normalized to the mean PTV dose, can potentially 
alloww one to compare between different techniques from various institutions. 
Anotherr parameter, D95o/o - D5%, where D95o/o and D5% are the maximum dose 
valuess received by at least 95% and 5% of the PTV, respectively, was used 
byy van Asselen et al. [30] to compare DVHs. An advantage of this parameter 
iss its independence of the normalization procedure. However, a different 
normalizationn procedure does influence the absolute dose levels received by 
thee PTV and organs at risk. Thus, similar D95o/o - D5o/o values do not 
necessarilyy imply similar treatment results for the PTV. Hence, one has to be 
carefull to evaluate different treatment techniques with similar D95% - D5o/o 

valuess when only comparing doses to organs at risk. 
Thee dose variation over the PTV was almost uncorrelated with the 

breastt separation and breast volume. Especially for an IMRT technique, one 
mightt expect that the PTV dose homogeneity should be mainly due to the 
dosee characteristics of the opposed beams, which is dependent on the size 
andd separation of the breast. Such a correlation might have been found for 
thee IMRT treatment plans if improvement of the homogeneity of the dose 
overr the PTV was the planned objective. However, the objective was to 
sparee the heart as much as possible without compromising the PTV dose 
homogeneity.. Therefore, a correlation between dose homogeneity over the 
PTVV and breast size or separation for the IMRT treatment plans would have 
beenn fortuitous. 

Conclusion s s 

Inn this study, three tangential breast treatment techniques have been 
definedd and evaluated. A single global scoring function was used for inverse 
treatmentt plan optimisation. The MHD was measured for the rectangular 
andd conformal treatment techniques, and may be used to estimate the 
NTCPP for late cardiac mortality. Using conformal tangential fields, one can 
significantlyy decrease the average NTCP for late cardiac toxicity with about 
30%,, and intensity modulation can reduce this risk even further with 50%. 
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Abstrac t t 

Wee compared simulator images of medial tangential fields taken in two 
positions:: (1) with the ipsilateral arm abducted, holding a 'L-bar' armrest and 
(2)) with both arms extended above the head in a forearm support. The 
averagee maximum heart distance as well as the central lung distance 
decreasedd significantly, by 3.4 (SE = 0.9) and 4.7 (SE = 1.1) mm, 
respectively,, when the new forearm support was used. The estimated 
normall tissue complication probability for excess cardiac mortality 
decreasedd with on average 3.1% (SE = 1.3%). For some patients, a greater 
amountt of the axilla was included in the field. We recommend the use of the 
forearmm support during breast cancer treatment with tangential fields to 
decreasee the amount of heart and lung inside the fields. 

Introductio n n 

Inn many institutions, a 'L-bar' armrest is used to position the ipsilateral 
armm during breast cancer irradiation, typically with tangential fields. The 
amountt of heart and lung tissue inside these treatment fields can be 
substantiall and clinically relevant [5,8]. It is known that the shape of the 
breastt and thorax is influenced by the position of the arm e.g., [4]. 

However,, little is known about the influence of the arm position on the 
amountt of heart and lung inside the tangential treatment fields. In an 
interestingg study, Canney et at showed that the use of a breast board in 
combinationn with a T-grip' placed above the head resulted in a reduction of 
thee mean cardiac dose of 60% (p<0.001) for left sided breast cancer 
patientss [2]. The aim of this work is to quantify the amount of the heart and 
lungss inside tangential treatment fields using a 'L-bar' armrest compared to 
aa forearm support positioned above the head, without the use of a breast 
board.. Data for 12 left-sided breast cancer patients lying in supine position 
withh the arm in the 'L-bar' armrest and in the forearm support were 
analysed. . 

Method ss and material s 

Breastt treatment was simulated for 12 randomly selected left-sided 
breastt cancer patients in supine position. Firstly, the patient was positioned 
usingg the 'L-bar' armrest (Figure 1a). A radiation oncologist placed a lead 
wiree around the palpable breast tissue. The simulator isocentre was placed 
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att the middle of the sternum. Using fluoroscopy, the gantry angle was 
rotatedd such that the medial and lateral projections of the lead wire 
overlapped.. A simulator image was then taken (Figure 2). Secondly, the 
patientt was positioned with both arms in a forearm support (Posirest from 
Sinmedd BV, Reeuwijk, The Netherlands) above the head (Figure 1b). The 
radiationn oncologist verified the lead wire still outlined the palpable breast 
tissue.. If not, the lead wire was adjusted to the appropriate position. A 
secondd simulator image was then taken using the same procedure as 
describedd above. Treatment fields were delineated on the simulator images 
usingg a margin of 15 mm between the lead wire and the field border. The 
centrall lung distance (CLD), defined as the distance from the dorsal field 
edgee to the thoracic wall measured in the central axial plane [1], was 
measuredd in the simulator images. In addition, the maximum heart distance 
(MHD),, defined as the maximum distance of the heart contour, as seen in 
thee beam's-eye view of the medial tangential field, to the medial field edge 
[5],, was also measured in these images. The measurements were corrected 
forr the difference in magnification of the CLD and MHD in our images, 
collectedd with the beam isocentre at the sternum, compared to the 
magnificationn used in the definitions of the CLD and MHD, where the 
imagess were collected with the beam isocentre in the middle of the breast. 

TableTable  1. Measured central lung distance (CLD), maximum heart distance (MHD) and 
estimatedestimated NTCP for excess cardiac mortality in tangential field breast 
irradiationirradiation using a 'L-bar' armrest or a forearm support above the head. 

Patien t t 
numbe r r 

1 1 
2 2 
3 3 
4 4 
5 5 
6 6 
7 7 
8 8 
9 9 
10 0 
11 1 
12 2 

Average e 
(SEM)* * 

CLDD (mm 
'L-bar ' ' 

38 8 
32 2 
34 4 
27 7 
47 7 
19 9 
32 2 
31 1 
49 9 
23 3 
23 3 
11 1 

Fore e 
arm m 
33 3 
33 3 
22 2 
20 0 
41 1 
13 3 
32 2 
27 7 
41 1 
17 7 
23 3 
8 8 

) ) 
Diff . . 

-5 5 
1 1 

-12 2 
-7 7 
-6 6 
-6 6 
0 0 
-4 4 
-8 8 
-6 6 
0 0 
-3 3 

-4.7 7 
(1.1) ) 

MHDD (mm] 
'L-bar ''  Fore 

22 2 
36 6 
22 2 
23 3 
48 8 
21 1 
25 5 
25 5 
55 5 
23 3 
22 2 
7 7 

arm m 
23 3 
33 3 
13 3 
20 0 
43 3 
19 9 
25 5 
15 5 
50 0 
21 1 
20 0 
6 6 

Diff . . 

1 1 
-3 3 
-9 9 
-3 3 
-5 5 
-2 2 
0 0 

-10 0 
-5 5 
-2 2 
-2 2 
-1 1 

-3.4 4 
(0.9) ) 

'L-bar ' ' 

3.3 3 
14.9 9 
3.2 2 
3.8 8 

37.0 0 
2.9 9 
5.0 0 
4.8 8 
55.1 1 
4.1 1 
3.4 4 
0.3 3 

NTCPP (%) 
Fore e 
arm m 
3.8 8 
11.1 1 
0.9 9 
2.5 5 

25.4 4 
2.1 1 
5.0 0 
1.3 3 

42.2 2 
3.0 0 
2.6 6 
0.3 3 

Diff . . 

0.5 5 
-3.8 8 
-2.3 3 
-1.3 3 

-11.6 6 
-0.8 8 
0.0 0 
-3.5 5 

-12.9 9 
-1.1 1 
-0.8 8 
0.0 0 
-3.1 1 
(1.3) ) 

** SEM : standard error of the mean 

145 5 



ChapterChapter 8 

Thee normal tissue complication probability (NTCP) for excess cardiac 
mortalityy after 10-15 years was estimated from the MHD measurements 
usingg the relation between the MHD and the NTCP presented by Hurkmans 
etet al. [5]. These NTCP values are based on the relative seriality model [6] 
withh parameter values derived by Gagliardi et al. [3]. This model is based on 
fulll 3D dose calculations using CT data. As this data were not possible to 
obtainn for both patient positions due to the limited bore size of the CT 
scannerr with respect to the 'L-bar', a direct calculation of the NTCP using 3-
DD dose data was not possible. A paired T-test was used to test whether the 
differencess in CLD, MHD and NTCP between the two patient positions were 
significant. . 

Result ss  and discussio n 

Thee CLD (8 - 49 mm) and the MHD (6 - 55 mm) varied widely (Table 1). 
Thee resulting differences in these measurements between the two arm 
positionss ranged between +1 and -12 mm for the CLD and between +1 and 
-100 mm for the MHD. The improvement in treatment, as seen in the 
decreasee of the amount of irradiated lung and heart when using the forearm 
supportt is statistically significant. The mean decrease in CLD is 4.7 mm (2.6 
-- 6.8 mm, 95% CI) and the mean decrease in MHD is 3.4 mm (1.5 - 5.3 
mm,, 95% CI). 

Thesee decreases are significantly different from 0 (CLD: p-value < 
0.001,, MHD: p-value < 0.003). 

Itt is difficult to quantitatively compare our results with the results 
presentedd by Canney et al., as they used evaluation parameters based on 
fulll 3D CT data [2]. However, our results are in agreement in showing a 
significantt reduction of irradiated heart and lung by using an arm support 
devicee that positions the arms above the head instead of besides the body. 
Otherr aspects like patient stability and patient comfort should be compared 
betweenn such arm supports to determine which support is optimal. 

Thee NTCP value for excess cardiac mortality decreased on average by 
3 .1%% (0.3 - 6.0%, 95% CI), which is significantly different from 0 (p-value < 
0.02).. However, the MHD values calculated for patients # 5 and #9 lie 
outsidee the range of the clinical data used to model the relation between the 
MHDD and the NTCP and these values should, therefore, be considered with 
caution. . 
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Mallikk et al. [7] already reported a method to measure the amount of 
heartt inside tangential fields in 1995. They measured the area of the heart 
insidee the tangential fields on a simulator-CT produced CT scan through the 
middlee of the breast. However, the contour of the heart varies considerably 

FigureFigure  1. Position of a patient using the 'L-bar' armrest (A) and the forearm support 
positionedpositioned above the head (B) during breast irradiation. The field borders 
ofof the tangential fields using the 'L-bar' are marked with a line on the 
patient.patient. The dashed line in Figure 1B is the lateral field border when the 
forearmforearm support is used. 
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inn the cranial-caudal direction and the largest part of the heart inside the 
tangentiall fields is usually not positioned in the central part of the field. 
Therefore,, this measurement method does not result in a very reliable 
predictionn of the total amount of heart inside the tangential fields. 

Thee use of the forearm support considerably reduces the amount of 
heartt inside the treatment fields in many patients. If one, for example, uses 
ann NTCP for excess cardiac mortality of 3% or higher as clinically 
unacceptable,, then 10 out of 12 patients would be considered inadequately 
treatedd with the 'L-bar'. This number is reduced to 5 patients if the forearm 
supportt is used. For these 5 patients, a different treatment technique may 
resultt in a further reduction of the NTCP. The uncertainty in the incidence of 
excesss cardiac mortality used to fit the model parameters for the NTCP 
modell is large [3]. However, the fit itself was rather accurate, i.e., the 
calculatedd NTCP values were well within confidence limits of the clinically 
observedd numbers. Therefore, the NTCP values should primarily be used to 
rankk and compare different treatment plans, with the understanding that the 
absolutee NTCP values still have a large amount of uncertainty. 

FigureFigure  2. Simulator image with overlay of mediolateral field outline. The central lung 
distancedistance (CLD), maximum heart distance (MHD) and field length (L) are 
indicated. indicated. 

Usingg the forearm support, the lateral part of the breast is shifted more 
anteriorlyy (Figure 1). This is more pronounced for the heavier patients, due 
too the greater mobility of the breast and underlying fat. The use of the 
forearmm support also leads to a small cranial shift of the breast. 
Consequently,, for some patients a larger part of the axilla, latissimus dorsi 
andd the serratius anterior muscles are included in the field. The distance of 
thee humeral head to the cranial field edge was used to quantify the shift of 
thee cranial field border towards the axilla by using a forearm support. On 
average,, this shift was 7 mm (range: -9 to +26 mm) if the forearm support 
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wass used. Thus, for a small group of patients, the possible reduction of lung 
andd heart complications has to be balanced against the possible side effects 
arisingg from the irradiation of a larger part of the axilla. For patients that 
receivee axillary region radiotherapy as part of their treatment, possible side 
effectss are armedema (0-2%) and shoulder malfunction (1%) [9]. 

Inn general, the comfort of the arm supports was judged similar by the 
patients.. Sporadically, patients cannot abduct their arms sufficiently, and the 
forearmm support is used in stead of the 'L-bar' support, which is our standard 
armm support. Preliminary portal imaging results show that the patient set-up 
accuracyy does not differ between the use of the forearm support and the 'L-
bar'' support. It is not clear yet whether these images also can be used with 
sufficientt accuracy to quantify the reproducibility of the MHD measurements. 

Inn conclusion, there are several advantages using a forearm support 
comparedd to a 'L-bar' armrest: (1) the forearm support results in an overall 
reductionn of heart and lung dose; (2) the decrease in NTCP, although small, 
isis clinically relevant as the resulting complication, cardiac mortality, is very 
serious;; (3) simulation time is not increased; (4) if needed, the patient can 
havee a CT scan in the treatment position. 
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Abstrac t t 

Purpose.Purpose. To present the results of the dummy run of the EORTC trial 
investigatingg the role of adjuvant internal mammary and medial 
supraclavicularr (IM-MS) irradiation in stage l-lll breast cancer. 

MethodsMethods and materials. All participating institutions were asked to 
producee a treatment plan without (arm 1) and with (arm 2) simultaneous IM-
MSS irradiation of one patient after mastectomy and of one patient after 
lumpectomy.. Thirty-two dummy runs have been evaluated for compliance to 
protocoll guidelines, with respect to treatment technique and dose 
prescription. . 

Results.Results. A number of more or less important deviations in treatment set
upp and prescription have been found. The dose in the IM-MS region 
deviatedd significantly from the prescribed dose in 10% of the cases for arm 
1,, and in 2 1 % for arm 2. Assuming a true 5% 10-year survival benefit from 
optimall IM-MS irradiation, an increase of only 3.8% will be found due to this 
sub-optimall dose distribution. 

Conclusions.Conclusions. In the dummy run, a number of potential systematic 
protocoll deviations that might lead to false negative results were detected. 
Byy providing recommendations to the participating institutions, we expect to 
improvee the inter-institutional consistency and to promote a high quality 
irradiationn in all institutions participating in the trial. 
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Introductio n n 

Inn operable breast cancer, the influence of regional lymph node 
involvementt on prognosis is well known. The incidence of lymph node 
invasionn of the internal mammary chain ranges from 4% in axillary node-
negativee patients with upper lateral tumour location to 72% in axillary node-
positivee patients with lower medial tumour location [1,2,3,4,5,6,7]. In spite of 
thiss significant risk of tumoural involvement and in spite of several decades 
off combination of surgery and radiotherapy in the local treatment of breast 
cancer,, there remains an important controversy concerning the effectiveness 
off irradiating the regional lymph node areas. Although in a large number of 
studiess a significant decrease in loco-regional recurrence was found 
[8,9,10,11,12,13,14,15,16],, a survival benefit could not be demonstrated for 
patientss irradiated to the regional lymph node areas. Some reports have 
evenn shown a negative effect on long-term survival [17,18,19,20]. One of 
thee latest meta-analyses, however, demonstrated a reduction of long-term 
breastt cancer death rate in the group of irradiated patients [18]. This was 
onlyy recently confirmed in three randomised trials, which demonstrated the 
positivee impact of adjuvant loco-regional irradiation on survival in high-risk 
patientss [21,22,23,24]. In these trials it was not clear what resulted in the 
advantage:: the prevention of local recurrences through irradiation of the 
chestt wall, or the adjuvant regional irradiation treating micro-metastases in 
lymphh nodes, or both. To date, only one randomised radiotherapy trial on the 
effectivenesss of adjuvant internal mammary irradiation alone is published 
[25].. The follow-up is too short and the number of patients too limited (270) 
too provide an answer on the usefulness of adjuvant internal mammary 
irradiation. . 

AA number of authors have pointed out statistical as well as technical 
flawss in a large number of these studies. They have questioned the validity 
off the conclusions, based on the treatment results of different treatment 
periodss and different techniques [4,26,27]. It has been suggested that the 
lackk of evidence of a survival benefit was largely due to insufficient numbers 
off patients treated in an accurate way [28], and that inadequate treatment 
techniques,, resulting in too high doses to the heart could explain the 
negativee effect found in some studies [17,18,29]. This was confirmed by a 
reportt from the Stockholm group, which clearly demonstrated that too high 
dosess to the myocardium would result in a higher death risk from ischemic 
heartt disease [30]. 

Inn May 1996, the Radiotherapy and the Breast Cancer Groups of the 
Europeann Organization for Research and Treatment of Cancer (EORTC) 
initiatedd a large phase III randomised multi-centre trial. Its objective was to 
investigatee the value of adjuvant irradiation of the internal mammary and 
mediall supraclavicular (IM-MS) lymph node chain in patients with localized 
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breastt cancer stage l-lll with medially or centrally located tumours and/or 
axillaryy lymph node invasion [31]. The principal goal of this trial, in which 
patientss are randomised between irradiation of the IM-MS lymph nodes or 
not,, is to solve the controversy about the possible benefit of IM-MS 
irradiationn on survival. Furthermore, the question of the importance of the 
possiblee side effects on the heart and the lungs will be examined in an era of 
modernn radiotherapy techniques. 

AA large number of patients (3780) and a long follow up (10 years) will be 
neededd to answer the questions of this trial. To allow many radiotherapy 
institutionss to participate in the trial and accrue a large and representative 
samplee of patients, a simple so-called standard treatment set-up technique 
forr the IM-MS irradiation is recommended and described in the protocol 
(Tablee 1). In this technique, the IM-MS lymph node area is treated with 
mixedd photon and electron beams matched to the tangential field borders of 
thee breast or thoracic wall (which can alternatively be treated with a direct 
electronn field). Exact localization of the internal mammary nodes is not 
mandatoryy for the standard technique but the use of a CT scan; ultrasound 
orr lymphoscintigraphy is recommended to localize the IM-MS lymph nodes 
inn the patient. This information can be used to select the electron beam 
energy,, the prescription depth for the photon beam and the relative beam 
weights.. Several institutions have developed specific irradiation techniques 
forr this indication. More complex treatment set-ups may be accepted in the 
trial,, provided that these are in accordance with the basic recommendations. 
Iff the use of an alternative technique is deemed necessary, then individual 
localizationn of the internal mammary nodes becomes mandatory. The 
optimall beam dimensions depend on the location of the nodes and the 
methodd of measurement. 

Thee Quality Assurance (QA) program of the EORTC Radiotherapy 
Groupp aims at testing the ability of the participating institutions to cope with 
protocoll guidelines. The variations in the dose delivered due to uncertainties 
inn treatment planning systems (TPS) and in the calibration of the treatment 
machiness are investigated by the general EORTC Radiotherapy Group QA 
proceduress for institutional infrastructure. In the early phase of clinical trials 
variouss QA procedures are performed to check protocol compliance and to 
detectt and correct possible ambiguities in the protocol, which might 
introducee systematic protocol deviations [28,32,33,34,35,36]. In EORTC trial 
22922/109255 the specific QA program consists of 1) control of data 
consistencyy at the EORTC Data Centre by a double data entry procedure in 
thee database, 2) a dummy run procedure, 3) an early eligibility and treatment 
compliancee check, and 4) mailed TLD electron dosimetry. 
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Thee current paper describes the outcome of the analysis of the dummy 
runn from 32 major participating institutions. The potential influence of 
inevitablee variations between institutions or individual patients in treatment 
set-upp and dose to the IM-MS nodes on the final outcome of the trial is 
estimated.. Possible implications are discussed. 

TableTable  1. Requirements for standard treatment technique and dose prescription. 

Patien tt  positio n supine 
Fieldd border s lateral: middle clavicula 

upper:: 3 cm above medial clavicular head 
medial:: 1 cm across midline 

lower:: lower border 4th rib (lower in inferior located 
tumours) ) 

Dosee prescriptio n photons: at 3 cm depth (max 10 MV); 13 x 2 Gy 
accordin gg to ICRU electrons: at depth of Dmax (12 to 14 MeV); 12 x 2 Gy 
Report ss  50 and 62 

Method ss and material s 

AA set of three CT based life-size transverse slices together with all 
informationn necessary for treatment planning of one anonymous and 
representativee patient after mastectomy on the left side (Figure 1) and for 
onee patient after a lumpectomy in the right breast (Figure 2) was sent to all 
radiotherapyy departments which had expressed their intention to participate 
inn the trial. The participants were asked to develop a treatment plan based 
onn their radiotherapy equipment and to calculate a complete set of isodose 
distributionss with their TPS, according to each arm of the protocol for a 
clinicall target volume (CTV) [37,38] which was limited to the thoracic 
wall/breastt only and for a CTV which included the thoracic wall/breast as 
welll as the IM-MS lymph node region. If an institution used different 
techniquess for treating such patients, the dummy run procedure was 
repeatedd for each of these techniques. If treatment technique was changed 
duringg participation in the trial, the dummy run had to be repeated for the 
neww technique. The dummy run was not intended for irradiation of the IM-
MSS alone for cases in which, according to the local treatment guidelines, 
irradiationn of the thoracic wall was not indicated. 
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TableTable 2. List of participants in the dummy run. 

City y 

Bruxelles s 
Leuven n 

Wilrijk k 
Santiago o 

Besancon n 
Bordeaux x 

Dijon n 
Grenoble e 

Nice e 
Rennes s 

Villejuif f 
Berlin n 

Göttingen n 
Köln n 

Tubingen n 
Haifa a 
Tel--

Hashomer r 
Como o 

Genova a 

Gdansk k 
Barcelona a 
Geneve e 

Lausanne e 
Zurich h 

Amsterdam m 
Deventer r 
Enschede e 
Groningen n 

Tilburg g 

Utrecht t 
Istanbul l 

Nottingham m 

Country y 

Belgium m 
Belgium m 

Belgium m 
Chile e 

France e 
France e 
France e 
France e 
France e 
France e 

France e 
Germany y 
Germany y 
Germany y 
Germany y 

Israel l 
Israel l 

Italy y 
Italy y 

Poland d 
Spain n 

Switzerland d 
Switzerland d 
Switzerland d 

Thee Netherlands 
Thee Netherlands 
Thee Netherlands 
Thee Netherlands 
Thee Netherlands 

Thee Netherlands 
Turkey y 

Unitedd Kingdom 

Institution n 

Universityy Hospital Saint-Luc 
Universityy Hospital 

AZZ Sint-Augustinus 
Institutoo de Radiomedicina 

Universityy Hospital 
Institutt Bergonié 

Centree G.-F.Leclerc 
Universityy Hospital 

Centree Antoine-Lacassagne 
Centree Regional Eugene 

Marquis s 
Institutt Gustave Roussy 

Universityy Hospital Charité 
Universityy Hospital 
Universityy Hospital 
Universityy Hospital 

Rambamm Medical Center 
Chaimm Sheba Medical Center 

Ospedalee Sant'Anna 
1st.. naz. per la riserca sul 

cancro o 
Universityy Hospital 

Institutoo Catala d'Oncologia 
Universityy Hospital 
Universityy Hospital 
Universityy Hospital 

Nederlandss Kanker Instituut 
RTII Stedendriehoek e.o. 

Medischh Spectrum Twente 
Universityy Hospital 

Dr.. Bernard Verbeeten Instituut 

Universityy Medical Center 
Universityy Hospital 

Nottinghamm City Hospital 

Locall responsible radiation 
oncologistt and physicist 

C.Kirkhove e 
W.vann den Bogaert, 

D.Huyskens s 
Ph.Huget,, K.Haest 

R.Arriagada, , 
L.Shwartzman n 

V.Magnin,, J.F.Bosset 
J.-M.Dilhuydy,, S.Landrian 

I.Barillot,, S.Naudy 
M.Boila,, A.Dusserre 

J.Lagrange,, M.Pelsez 
C.Chenal l 

J.Ph.Pignol,, H.Bouhnik 
V.Budach,, J.Groll, U.Jahn 

vann Drünen 
R.Bongartz z 
N.Weidner r 

Eliahuu Gez, R. Bar-Deroma 
M.Raphaell Pfeffer, 

J.Goffman n 
M.Valli,, A.Monti, A.Ostinelli 

F.Foppiano,, M.Guenzi 

J.Jassem m 
S.Villa,, F.Moreno 
J.Kurtz,, Ph.Nouet 

W.Jeanneret,, H.Do 
Ch.Glanzmann,, J. B.Davis 
B.Pieters,, C.W.Hurkmans 

A.. Mak, A.van 't Riet 
J.J.Jobsen n 

W.Dolsma,, P.van der Hulst 
Ph.Poortmans,, J.Venselaar 

H.Struikmans,, J.Lagendijk 
M.Dineer r 

D.Morgan,, J.Berridge 

Dataa from the participating institutions were mailed to Tilburg where they 
weree checked within weeks of receipt by the coordinating radiation 
oncologistt and physicist. This allowed a quick detection of possible protocol 
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deviationss and enabled a prompt response to the participating institutions in 
thee form of a letter. The following points were discussed in this letter: 
treatmentt technique, extent of irradiation of normal tissues, dose 
homogeneityy in the CTV, dose prescription and a general conclusion. In 
mostt cases, participants were asked to clarify or to complete the information 
supplied.. Further evaluation of the data consisted of a quantitative 
assessmentt of the compatibility of the treatment techniques with the 
protocol.. At regular time intervals, a QA committee meeting was organized 
too discuss the findings and to complete the provisional answer already sent 
too the participating institutions. These findings were discussed again with the 
institutionss on an individual basis. 

Craniall slice (z = -50 mm) Caudal slice (z=50 mm) 

Frontall view Central slice (z=0 mm) 

FigureFigure  1. Figures on patient 1 after mastectomy at the left side. 
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Becausee irradiation of the medial supraclavicular part of the IM-MS 
lymphh node region is very straightforward, the dummy run focussed on the 
irradiationn of the internal mammary part of the IM-MS lymph node region. To 
avoidd possible misunderstandings, this will be referred to as IM-MS from 
heree on. 

Frontall view Central slice (z= 0 mm) 

Craniall slice (z= -43 mm) Caudal slice (z= 53 mm) 

FigureFigure  2. Figures on patient 2 after lumpectomy at the right breast. 

Thee location of the IM-MS lymph nodes varies considerably, both in the 
laterall and in the ventro-dorsal direction. Approximately 85% of the lymph 
nodess lie within 4 cm of the midline laterally and at a depth of < 4 cm in the 
firstt three intercostal spaces [39,40]. Because of the closeness of the IM-MS 
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lymphh nodes to the skin of the patient, a supplementary margin of only 0.5 
cmm has to be added to this CTV to obtain the planning target volume (PTV) 
[37,38].. To cover this with at least the 95% isodose line for photons and 85% 
forr electrons, the prescription point for photons is defined at 3 cm depth and 
thee electron energy has to be between 12 and 14 MeV, unless individual 
localizationn of the IM-MS is performed. For the evaluation of the calculated 
dosee at the IM-MS, two reference points were defined for each slice: the 
pointt P(IM) represents an estimation of the anatomical location of the IM 
lymphh nodes; the point P(3,3) is the point located 3 cm below the skin and 3 
cmm homolateral of the midline of the patient (Figure 3). These points were 
nott previously outlined on the CT based slices sent to the participants. The 

FigureFigure  3. Illustration of the definition of points P(IM) and P(3,3). 

calculatedd dose at both points was measured on the central slice and on the 
craniall slice for the dummy run treatment plans according to both arms of 
thee protocol, i.e., without and with IM-MS irradiation. Since tumoural 
involvementt of the IM-MS lymph node region occurs mostly in the first three 
intercostall spaces, the calculated IM-MS dose at the caudal slice was 
deemedd not relevant. 

Thee statistical considerations of the trial are based on an expected 
survivall rate in the control group without IM-MS irradiation of 50% at 10 
yearss and a minimal potential benefit of clinical significance of 5% to 55% 
survivall at 10 years in the patient group with IM-MS irradiation [31]. To 
estimatee the theoretical influence of inter-institutional dose variation to the 
IM-MSS lymph node chain on the outcome of the trial, we assumed, based on 
thee typical sigmoidal cell survival curves, that a dose of 0-49% to the IM-MS 
regionn has no effect, a dose of 50-84% has 10% of the effect and a dose of 
higherr than 85% has the full effect on survival. 
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Result s s 

Byy July 1996, the first patients were entered in the study. By February 
2000,, thirty-nine institutions in twelve different countries had expressed the 
wishh to participate in the study. At that time, five of them had not included 
anyy patient in the protocol. The dummy run procedure was completed by 
thirty-twoo institutions (Table 2). 

Irradiationn of the breast alone was always performed by two tangential 
fields,, while the irradiation of the thoracic wall after mastectomy was done in 
eighteenn institutions by two tangential photon fields, in nine institutions by a 
directt electron field, in three institutions no data were given on irradiation of 
thee thoracic wall after mastectomy and in two institutions the technique was 
individualized.. For the combined irradiation of the IM-MS lymph node chain 
andd the breast/thoracic wall, twenty-five institutions used the standard 
techniquee as described in the protocol and seven institutions presented an 
alternativee technique. Several participating institutions presented more than 
onee treatment technique for combined irradiation of the IM-MS and the 
breast/thoracicc wall target volumes. One institution stated that they would 
onlyy include patients after lumpectomy, as only very few patients are 
referredd to them after mastectomy. Another institution only participates with 
post-mastectomyy patients who do not have an indication for irradiation of 
otherr target volumes in order to avoid the problems of beam matching at the 
junctionn of the IM-MS field with the breast/thoracic wall fields. 
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TableTable 3. Remarks on the dummy run. 

Genera ll  remark s 
tooo few isodose lines 20 
dosee prescription not according to ICRU recommendations 9 
normalisationn not on whole plan 8 
missingg beam data / monitor units calculations 7 
noo plans provided for arm 1 (without IM-MS) 7 
dosee prescription not 25 x 2 Gy 5 
noo lung density correction 4 
electronn fields not planned 4 
noo drawing of internal structures 2 
magnificationn factor plan different from plan to plan 2 
onlyy inclusion of specific patient subgroups 2 
separatee electron and photon plans 1 

Specifi cc  remark s on irradiatio n of the IM-MS lymp h nod e chai n 
lengthh IM-MS, too long or too short 14 
overlapp IM-MS and breast/thoracic wall field, cave hot spot 14 
exactt match at junction, cave underdose 11 
IM-MSS electron energy 11 
dosee prescription IM-MS photons 8 
positionn IM-MS field, cave underdose 6 
proportionn photons/electrons not 26Gy/24Gy 6 

Remark ss on irradiatio n of the breast/thoraci c wal l 
tooo low minimal dose to breast/thoracic wall CTV 18 
dosee to IM-MS (unintended) > 25% 12 
tangentiall fields at 180  3 
widee fields around target volume 3 
tooo large or too low wedge fraction 2_ 

AA large number of minor and major deviations from the protocol or from 
generall guidelines were encountered through the dummy run procedure, 
mostt of them possibly leading to potential systematic protocol deviations 
(Tablee 3). The comments to the deviations can be divided into general 
remarks,, specific remarks on the irradiation of the IM-MS, and remarks 
relatedd to the irradiation of the other target volumes. No institution was 
excludedd from the trial because of unacceptable protocol deviations, 
althoughh in two institutions modifications were made to the technique. This 
resultedd in a repeat of the dummy run for those institutions. 

163 3 



ChapterChapter 9 

Genera ll  remark s 

Inn seven cases relevant treatment related data were incomplete. Also 
sevenn institutions did not provide a treatment plan for irradiation of the 
breast/thoracicc wall alone (arm 1). Another frequently occurring protocol 
deviationn was that the dose prescription and normalization were not according 
too the protocol or to the ICRU guidelines [37,38]. Some of the most common 
generall deviations in fact only hampered the evaluation of the dummy run itself: 
inn the majority of the treatment plans too few isodose lines (e.g., 70, 90, 110, 
130%)) were plotted, and in two dummy runs the internal structures were not 
drawnn on the treatment plans, or the magnification factor of the plan was not 
givenn or even different from slice to slice. 

Remark ss on th e irradiatio n o f th e IM-MS clinica l targe t volum e 

Thee length of the IM-MS field often varied, without an explanation for the 
relationn of the length of this field to the relative position of the primary 
tumour.. If the IM-MS field was too short, in some occasions the lower medial 
partt of the breast/thoracic wall was not covered by any of the treatment 
fields.. Areas of overdose or underdose were present at the junction zone 
betweenn the IM-MS lymph node region and the breast/thoracic wall. This 
over-- or underdose depended on the presence or absence of an overlap 
withh the breast/thoracic wall fields as well as on the position of the IM-MS 
fieldd itself. In eleven cases, the IM-MS electron beam energy was not 
accordingg to the protocol prescription (12-14 MeV). In eight cases the dose 
prescriptionn of the IM-MS photons was not at the required 3 cm depth and in 
sixx cases the prescribed photon and electron dose was not 26 Gy and 24 
Gy,, respectively, without specifying that individual localization of the IM-MS 
lymphh nodes had been done. 

Remark ss on th e irradiatio n o f th e othe r targe t volume s 
(breast/thoraci cc  wall ) 

Inn eighteen cases the calculated dose to the breast/thoracic wall CTV 
wass too low, generally due to too narrow margins around the CTV. In 11/24 
dummyy run treatment plans without IM-MS irradiation, the dose to the IM-MS 
lymphh node region was considered too high (> 25%). Other less frequent 
deviationss were mainly concerned with treatment plans using a less than 
optimall beam set-up. 
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TableTable  4. Number of treatment plans with the dose in % of the prescribed dose at the 
internalinternal mammary lymph node chain for arm 1 (no IM-MS treatment). See 
MethodsMethods and materials section and Figure 3 for definition of points P(IM) 
andand P(3,3); CAX = central slice; CRAN = cranial slice; e = electron field 
addedadded to the medial part of the mastectomy scar. 

%% Of prescribe d 
dose : : 

Tangentia ll  field s to breast/thoraci c wal l 
<25%% 25-49% 50-74% 75-84% 85-94% >95% 

P(IM)) CAX 
P(IM)) CRAN 

P(3,3)) CAX 
P(3,3)) CRAN 

Summar yy in % 

P(IM)) CAX 
P(IM)) CRAN 

P(3,3)) CAX 
P(3,3)) CRAN 

Summar yy in % 

31 1 
33 3 

27 7 
29 9 

2 2 

2 2 

5 5 
3 3 

8 8 
6 6 

94% % 

1 1 

11 1(e) 
1 1 

3% % 

Electro nn fiel d to thoraci c wal l 

2 2 

2 2 
2 2 

36% % 

6 6 
1 1 

22 2 
11 1 

46% % 

1(e) ) 

1 1 

1 1 

3% % 

18% % 

1 1 

1 1 
1 1 

2 2 

1 1 

Dos ee to th e IM-MS regio n in bot h randomisatio n arm s 

Thee calculated doses at the points P(IM) and P(3,3) as determined on 
thee central slice and the cranial slice are displayed in Table 4 for the 
treatmentt plans 'without IM-MS irradiation' (arm 1) and in Table 5 for the 
treatmentt plans 'with IM-MS irradiation' (arm 2). The determined dose 
valuess were categorized as: <25%, 25-49%, 50-74%, 75-84%, 85-94% and 
>95%% of the prescribed dose (50 Gy). The relative distribution of the number 
off treatment plans in the dose categories is further summarized in the 
categoriess <25%, 25-84% and >85%. In Table 4 results are shown for the 
planss with tangential beam techniques and the plans with electron field 
techniquess (used in 1/3 of the mastectomy patients) separately. In the latter 
categoryy a higher percentage of plans showed an unintended high dose to 
thee points P(IM) and P(3,3). Table 5 illustrates that the calculated dose to 
thesee points is more variable among the institutions that used a standard 
techniquee (used in 78%) as compared to those that used alternative 
techniquess (used in 22%) with less underdose to the P(IM) and P(3,3) points 
forr the alternative techniques. 
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TableTable  5. Number of treatment plans with the dose in % of the prescribed dose at 
thethe internal mammary lymph node chain for arm 2 (IM-MS treatment). 
SeeSee Methods and materials section and Figure 3 for definition of points 
P(IM)P(IM) and P(3,3); CAX - central slice; CRAN = cranial slice. 

%% of prescribe d 
dose : : 

P(IM)) CAX 
P(IM)) CRAN 

P(3,3)) CAX P(3,3) 
CRAN N 

Summar yy in % 

P(IM)) CAX 
P(IM)) CRAN 

P{3,3)) CAX P(3,3) 
CRAN N 

Summar yy in % 

<25% % 

1 1 

1 1 
1 1 

Standar dd tech r 
25-49% % 

1 1 

3 3 
4 4 

7% % 

liqu e e 
50-74% % 

1 1 
1 1 

6 6 
5 5 

15% % 

Alternativ ee technique s 

0% % 

1 1 

2 2 
3 3 

20% % 

75-84% % 

1 1 
1 1 

4 4 
5 5 

2 2 
2 2 

85-94% % 

3 3 
4 4 

6 6 
10 0 

4 4 
2 2 

5 5 
5 5 

78% % 

80% % 

>95% % 

33 3 
35 5 

19 9 
17 7 

8 8 
10 0 

3 3 
3 3 

Potentia ll  influenc e on tria l outcom e 

Too calculate the possible impact of these potential dose variations on 
thee final outcome of the trial, we estimated the potential dose variation in the 
triall based on the present accrual until now of 76% of the patients with 
breastt conserving surgery and 24% with mastectomy. Projecting the above 
mentionedd calculated dose variation to the IM-MS nodes over these figures, 
thee potential dose variation to the IM-MS nodes may be estimated (Table 6). 
Combiningg the dummy run dose variation with the relative frequency of the 
usee of the different treatment techniques, an estimation could be made of 
thee potential dose variation to the IM-MS nodes in the total trial population 
forr each randomisation arm. 

Thee principal end-point of the trial will be overall survival. The expected 
survivall rate in the control group, without IM-MS irradiation, is estimated to 
bee 50% at 10 years. The minimal potential benefit considered to be of 
clinicall significance is a 5% gain in 10 years survival to 55% in the arm with 
IM-MSS irradiation [31]. To illustrate the potential impact of the dose variation 
onn survival we assume, based on the typical sigmoidal cell survival curves, 
thatt a dose < 50% to the IM-MS region has no effect, a dose of 50 - 84% 
hass a 10% effect and a dose > 85% has a full effect. Taking these 
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assumptionss into account, it can be calculated that the effect of the dose 
variationn will be as follows: in case of a true 10 year survival benefit of 5% 
withh IM-MS irradiation, a benefit of only 3.8% would be measured due to a 
potentiall 'overdose' in the control arm and a potential 'underdose' in the 
treatmentt arm (Table 7). 

TableTable  6. Summary of the dose at the internal mammary lymph node chain for 
bothboth treatment arms. Ratio mastectomy/breast conserving therapy = 
24%/76%;24%/76%; ratio photon/electron treatment thoracic wall = 67%/33%. 
RatioRatio IM-MS technique standard/alternative = 78%/22%. 

%% of prescribe d dose : <50% 50-84% >85% 
Armm 1 90 6 4 
Armm 2 5 16 79 

TableTable  7. Theoretical influence of the actual dose at the IM-MS region as 
measuredmeasured with the dummy run procedure on survival, assuming that a 
dosedose <50% to the IM-MS region has no effect, a dose of 50-84% has 
aa 10% effect and a dose > 85% has a full effect, based on a 10-year 
survivalsurvival of 50% in the control group and a 5% absolute improvement 
fromfrom 50 to 55%. The real difference in 10-year survival of 5%, at the 
levellevel of significance, will be observed as a difference in 10-year survival 
ofof 3.8%. 

DOSEE TO INTERNAL MAMMARY CHAIN REGION 
Armm 1 :_Breast/thoraci c wal l onl y 

%% of prescribe d dose : 0-49% 50-84% > 85% 

== 50.2% 

Dosee to IM nodes 
100 year survival 

Total l 

90% % 
50% % 
45% % 

6% % 
50.5% % 
3.0% % 

4% % 
55% % 
2.2% % 

DOSEE TO INTERNAL MAMMARY CHAIN REGION 
Armm 2:_Breast/thoraci c wal l onl y + IMC 

%% of prescribe d dose : 0-49% 50-84% > 85% 
Dosee to IM nodes 
100 year survival 

Total l 

5% % 
50% % 
2.5% % 

16% % 
50.5% % 
8.1% % 

79% % 
55% % 

43.4% % == 54.0% 
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Discussio n n 

Thee EORTC 22922-10925 study investigates whether or not the elective 
irradiationn of the internal mammary and medial supraclavicular lymph node 
chainn has a positive impact on survival. In order to guarantee the accrual of 
aa large number of patients, within an acceptable period of time, the 
participationn of a large number of radiotherapy departments is necessary. 
Becausee of this, the treatment set-up guidelines in the protocol were not 
veryy strictly defined, suggesting a simple treatment technique but allowing 
moree complex treatment set-up techniques as well. However, to limit the 
inter-institutionall variability and to detect potential systematic protocol 
deviationss due to ambiguities in the protocol prescriptions in an early phase 
off the trial, the Quality Assurance Committee initiated a dummy run 
procedure. . 

Thee dummy run procedure showed a significant number of, in most 
cases,, small deviations from the protocol guidelines. Most of these 
deviationss are due to ambiguities in the protocol, to disregarding the dose 
prescriptionn guidelines of the ICRU [37,38], and for some institutions, to a 
lackk of familiarity with irradiating the complex set of target volumes 
constitutedd by the IM-MS region and the breast/thoracic wall. A rather typical 
problemm when using the standard technique for IM-MS irradiation together 
withh breast/chest wall irradiation is the matching of the field junctions. 
Fourteenn of the twenty-five institutions using the standard technique use a 
smalll overlap between the IM-MS and the breast/chest-wall fields, resulting 
inn a superficial zone of overdose. Eleven institutions on the other hand 
chosee an exact match between the fields, resulting in a zone of underdose 
att depth. Most of the institutions claimed to individualize their choice of an 
exactt match or an overlap based on patient and tumour related 
characteristics.. Seven institutions used a modification of the standard 
techniquee to improve the dose distribution at the junction zone. The 
treatmentt plans provided by the seven institutions using an alternative 
techniquee all showed an improved dose distribution at the field junctions. 

Ass deviations in the irradiation of the IM-MS lymph node region itself will 
bee of great importance for the final results of the trial, these were given more 
emphasis.. Other deviations, which were judged to have only a limited impact 
onn the endpoints of the trial, were reported as well, but were only considered 
ass minor protocol deviations. 

Thee calculated doses at the points P(IM) and P(3,3) showed a significant 
variationn from the ideal situation where a dose of < 10% in arm 1 and > 95% 
inn arm 2 should be expected. Since the sample size of the trial is based on 
significancee at a 5% measured difference, this true 5% difference might thus 
leadd to a (falsely) non-significant outcome of the trial. In other words, with 
thee estimated dose variation, to measure a significant 5% difference in 10-
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yearr survival, a true 6.6% benefit from (optimal) IM-MS irradiation would be 
needed.. Similarly, the influence of the estimated inter-institutional dose 
variationn on a hypothetical negative effect of IM-MS irradiation on long term 
survivall due to side effects may be calculated. This will even aggravate the 
calculatedd differences. Of course, these hypothetical calculations, which can 
bee done for every clinical trial, have to be considered with caution. The 
dummyy run treatment plans only represent a theoretical patient and might 
givee an erroneous impression of the actual treatment. We are well aware of 
thee fact that we have to evaluate real patient data, which will lead to the final 
clinicallyy relevant result of the trial. 

Ass the dummy run was performed in the early phase of the trial, 
recommendationss were given to the participants before a significant number 
off patients were accrued. These recommendations were given repetitively 
andd on an individual basis after the review of the dummy run and during the 
plenaryy sessions of the meetings of the EORTC Radiotherapy Group. A 
letterr with recommendations was sent around in November 1997 to all 
participants.. Based primarily on the findings of the dummy run, a revised 
versionn of the trial protocol was prepared and distributed in May 1999. 
Furtherr evaluation is ongoing in the third part of the QA program, which 
consistss of an early eligibility and treatment compliance check in which 
adherencee to the protocol can be checked in real (participating) patients. 
Thee potential dose variation at the IM-MS lymph node region will be 
calculatedd too. This will allow us to check whether or not the participating 
institutionss implement the recommendations based on the dummy run. 

Inn the dummy run, a number of potential systematic protocol deviations 
thatt might lead to a false negative result of the end-point of the trial have 
beenn detected. It is expected that our suggestions and recommendations to 
improvee the dose distribution will lead to a lower inter-institutional dose 
variationn than encountered in the dummy run. This will improve the reliability 
off the final trial results. 
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General l 

Thee aim of the studies described in this thesis is to improve radiotherapy 
treatmentt for patients with breast cancer. Specifically, one aim was to 
reducee the dose to the heart and lung resulting from irradiation of the left 
breast,, thereby reducing the chance on late cardiac mortality and radiation 
pneumonitis.. Another aim was to improve internal-mammary and medio-
supraclavicularr lymph node irradiation when locoregional irradiation is 
indicated,, thereby increasing locoregional control and maybe overall 
survivall in this patient group. It is known that the dose to the heart resulting 
fromm irradiation of the left breast varies widely between individual patients, 
evenn with the use of modern treatment techniques. Therefore a patient 
selectionn criterion, i.e. the maximum heart distance (MHD), was introduced 
andd explored to select patients that have a high chance of late cardiac 
mortalityy resulting from irradiation of the left breast if the commonly applied 
rectangularr tangential field irradiation technique is used. The implications of 
thee results presented in this thesis with respect to clinical practice and the 
directionn of future research will be discussed in this chapter. 

Targett  volum e localizatio n 

Breas t t 

Thee results presented in chapter 2 show that there is a large intra- and 
interobserverr variation in the delineation of the breast target volume on CT 
scans.. Using the results from this study, an improved delineation protocol 
hass been developed which makes use of a lead wire placed around the 
palpablee glandular breast tissue. The axial delineations should be reviewed 
inn sagittal and coronal reconstructions and, if needed, corrections should be 
madee to ensure the target volume surface is smooth. Preliminary results 
suggestt that these new guidelines result in a faster and more consistent 
delineationn of the target volume. 

Delineationn on CT slices of the target volume after mastectomy is not 
routinelyy performed in most institutions. The results in chapter 2 show that 
thee largest observer variations are found in the determination of the medial 
andd posterior borders of the CTV. The CTV in these directions is not clearly 
confinedd by anatomical borders and there is no clear and fast transition from 
glandularr tissue to fat tissue. The observer variations in the delineation of 
thee CTV after mastectomy might be as large as the observer variations in 
thee delineation of the CTV after breast conserving surgery, as all glandular 

174 4 



Discussion Discussion 

tissuee has been removed and its original position cannot be seen on CT 
slicess any more to guide the delineations. However, tissue changes visible 
onn the CT slices as a result of the mastectomy, comparison with the 
contralaterall breast and the position of the surgical scar might provide 
usefull information during the delineation of the CTV after mastectomy. 
Detailedd CTV delineation studies after a mastectomy have not been 
performedd yet. 

Oftenn it is assumed that the CTV includes the complete palpable breast 
afterr breast conserving surgery. The results presented in chapter 2 are 
basedd on this assumption. However, it could be very meaningful to study 
andd compare the location of the glandular breast tissue with respect to the 
fatt tissue that is not considered at risk of tumour invasion and thus could be 
excludedd from the CTV. The distinction between fat tissue and glandular 
tissuee is often not clear in CT images used for radiotherapy planning which 
aree often acquired with a resolution of about 2 mm x 2 mm x 10 mm. 
Magneticc resonance (MR) images provide additional information on the 
extentt of the glandular breast tissue. MR images of the breast can already 
bee acquired with a resolution of approximately 0.5 mm3 in clinical practice 
usingg breast coils. Presently, new MR image guided biopsy techniques are 
emergingg which enable an accurate positioning of the biopsy needle. 
However,, this position can only be determined accurately with respect to the 
lesion,, while the absolute 3D position of the complete breast volume cannot 
bee determined accurately because of inhomogeneities in the magnetic field 
duee to the presence of the breast itself and the inherent inhomogeneities in 
thee magnetic field near the breast coil. Furthermore, the MR images do not 
providee the necessary electron density information needed for accurate 
dosee calculations, and thus can only be used in combination with matched 
CTT images. 

Thee distinction between fat tissue and glandular tissue is also much 
clearerr on mammograms that are used to detect lesions than on CT images, 
becausee mammograms have a much higher resolution of approximately 
0.055 mm2. Furthermore, the contrast between glandular tissue and fat tissue 
iss higher, due to a lower tube potential of approximately 30 kV compared to 
aa tube potential of approximately 120 kV for CT imaging. However, 
mammogramss are 2D images of the breast made in a non-treatment 
positionn and thus cannot easily be used for treatment planning purposes. 

Ass CT images and mammograms are both x-ray images, high resolution 
(e.g.,, 1 mm3) and high contrast CT images are more useful than currently 
usedd CT images or mammograms to discriminate fat tissue and glandular 
tissue,, and these images do not have the MR image disadvantages 
previouslyy discussed. The contrast between glandular tissue and fat tissue 
increasess at lower tube potentials due to an increase in the difference in 
linearr attenuation coefficient between the two tissues at lower energy [45]. 
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However,, the signal-to-noise ratio in the images increases with lower tube 
potentials,, which results in a decrease of the contrast. Increasing the 
numberr of photons emitted, which results in an increase of the dose to the 
patient,, can increase this signal-to-noise ratio. Thus, the optimal tube 
potentiall is a trade-off between increased contrast between glandular tissue 
andd fat tissue and increased dose to the patient. Without changing the tube 
potential,, a higher CT resolution in the cranio-caudal direction can already 
easilyy be achieved by reducing the slice thickness without reducing the slice 
separationn [35]. The image acquisition time should not be increased to 
preventt an increase in image distortion due to breathing. The acquisition 
timee can be significantly reduced using spiral CT scanning, preferably on a 
multiplee slice CT scanner. 

Afterr the optimal scan parameters are determined, a delineation study 
shouldd be performed to quantify the benefit of high contrast and high-
resolutionn CT images in combination with a lead wire placed around the 
palpablee breast in terms of the reduction in intra- and interobserver 
variabilityy in CTV delineation. 

Lymp hh node s 

Internall mammary and medio-supraclavicular (IM-MS) lymph node 
localizationn is often performed using sonography, which is a fast, 
inexpensivee and non-invasive technique. The normal sized lymph nodes 
cannott be detected directly using sonography. The location of the internal 
mammaryy vessels can be identified, and the position of these vessels is 
usedd as a surrogate for the position of the lymph nodes. However, the 
combinedd uncertainty in the position measurement of the vessels and the 
distributionn of the lymph nodes around these vessels is large as has been 
shownn in chapter 3. The position of the irradiation fields is often determined 
onn the basis of sonography measurements and standard anatomical 
borders,, leading to standard field borders. However, Bentel et al. showed 
thatt the variation in the position of the lymph nodes is wide and standard 
fieldd borders may not be adequate in some cases [3,4]. These authors show 
thatt the additional localization information derived from CT images may lead 
too an improved positioning of the irradiation fields, which finding is confirmed 
byy our results. Although CT is also an indirect method to determine the 
lymphh node position, the accuracy of the lymph node position determined 
withh CT scans is much higher than the accuracy using sonography. For 
centress that have limited CT scanning resources, using lymphoscintigraphy 
insteadd of sonography improves lymph node localization. Increasing the 
amountt of technetium-99m nanocolloid injected, using smaller colloid 
particles,, using 3D image triangularisation and usage of a medium energy 
collimatorr in combination with image filtering could further optimise the 

176 6 



Discussion Discussion 

scintigraphyy technique used in our study [24]. The increasing availability of 
CTT scanners in radiotherapy departments, together with other treatment 
planningg related advantages of CT scans, may lead to a growing use of CT 
scanss for the (indirect) localization of the lymph nodes. 

Conforma ll  radiotherap y 

Breas tt  irradiatio n technique s 

Itt is shown in chapter 7 that the use of conformal tangential fields to 
irradiatee the left breast with or without intensity modulation reduces heart 
andd lung toxicity compared to rectangular tangential treatment fields, without 
reducingg the dose to the breast. Because the shape of the breast target 
volumee is never rectangular, the use of rectangular treatment fields always 
resultss in the irradiation of more lung or heart than necessary to adequately 
irradiatee the breast. It was also shown that the MHD could be used to select 
patientss with a high chance of late cardiac mortality resulting from 
rectangularr tangential field irradiation. For example, in order to achieve a 
NTCPP value for late cardiac mortality below 1%, 2% or 3%, the MHD should 
bee equal to or smaller than 11 mm, 17 mm or 23 mm, respectively. If such a 
maximumm complication probability could not be accomplished, a treatment 
usingg the IMRT technique was recommended. 

However,, conformal fields with only a small margin between the field 
borderss and the breast PTV cannot easily be defined on a simulator, as the 
precisee shape of the dorsal border of the breast near the thoracic wall 
cannott be visualized. One might consider introducing CT based treatment 
planningg for all patients to define conformal fields, but this would increase 
thee workload to an unacceptable level. Therefore, it is recommended 
insteadd to use the maximum heart distance as a patient selection criterion to 
selectt patients that have a high chance on late cardiac mortality resulting 
fromm left-sided breast cancer irradiation and patients who can be treated 
adequatelyy using standard rectangular tangential fields. If a too large MHD 
iss found, the placement of a simple block to shield the heart, maintaining a 
sufficientt margin towards the breast should be considered. If the MHD is 
thenn still considered too high, CT based treatment planning of conformal 
fieldss is recommended. In order to verify that the amount of heart inside the 
treatmentt field during irradiation is not changed, portal imaging in the first 
weekk of treatment should be performed. Guidelines have to be developed 
whichh deviations from the intended MHD can still be accepted and which 
deviationss should be corrected, for example by adapting the dorsal field 
borders. . 
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Loca ll  contro l wit h breas t irradiatio n 

AA number of clinical trials compared partial breast irradiation to whole 
breastt irradiation or no irradiation at all [10,11,30,37,44]. In a first analysis of 
thee Christie Hospital Breast Conservation Trial comparing whole breast 
(WB)) irradiation to tumour bed (TB) irradiation, performed at six years from 
firstt randomisation, comparable local control rates, i.e., 92% of the TB group 
andd 96% of the WB group, were found [37]. A re-analysis after 8 years from 
inceptionn revealed actuarial breast recurrence rates of 15% (TB) versus 
1 1 %% (WB) for infiltrating ductal carcinoma, whereas, for infiltrating lobular 
carcinoma,, the recurrence rate was 34% (TB) versus 8% (WB) [37]. 
Furthermore,, a later re-analysis did show a significant decrease in local 
controll in the TB group: 75%, compared to the WB group: 87%, expressed 
inn actuarial terms at 8 years [30]. This shows that preliminary results from 
thiss kind of studies must be interpreted with caution. Inadequate primary 
surgeryy or the use of too small irradiation fields in combination with 
inadequatee positioning of the treatment fields may partly explain the lower 
locall control. Deboise et at. argue that the inclusion of better imaging 
techniquess (e.g., MR imaging or sonography) as an aid to shape and 
positionn the treatment fields may lead to comparable local-control rates for 
patientss which receive adequate primary surgery [9]. However, new tumours 
inn a different quadrant or distinctly removed from the primary tumour were 
shownn to contribute 5 1 % of the total number of recurrences in a study 
comparingg the incidence of new primary breast cancer tumours and local 
recurrencess after a mean follow-up of 14 years [39]. This is consistent with 
thee findings in a large EORTC trial comparing the impact of a boost on local 
controll and cosmesis in patients with early breast cancer, where after a 
meann follow-up of 5 years, 47% of the recurrences were located only in the 
primaryy tumour bed [2]. 

Thee risk of local recurrences as a function of position relative to the 
primaryy tumour site derived from mastectomy samples might also prove to 
bee useful for field shape definition[16]. Holland era/, estimated the expected 
ratess of local recurrences after breast-conserving surgical procedures 
relativee to the extensiveness of the excision and relative to the distance 
fromm the primary tumour based on mastectomy samples. If tumours smaller 
thann 2 cm would be removed with a margin of 2 cm or 4 cm, 42% or 10% of 
thee patients would still have tumour foci in the remaining breast, 
respectively.. These foci could be responsible for either short- or long-term 
recurrencee [17]. These percentages were not significantly influenced by the 
sizee of the original tumour. Thus, it can be concluded that radiotherapy to 
thee tumour bed alone is insufficient. The influence of only a small decrease 
off the treatment fields to irradiate the whole breast on local control is, 
however,, not known. All the information from trials investigating limited 
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radiotherapyy and from pathology studies on tumour spread should be used 
too develop a valid tumour control probability (TCP) model or, more 
accurately,, a local control probability (LCP) model. The model should 
describee the increase in local control as a function of dose and position in 
thee breast with respect to the primary tumour. Such a model is a useful 
treatmentt plan evaluation tool that enables a more clinically relevant 
optimisationn of conformal techniques to shield the lung and heart than using 
dosee homogeneity constraints. In contrast to most TCP models of different 
organss in which a homogeneous clonogenic cell density and thus a 
homogeneouss tumour recurrence probability is assumed in the largest part 
off the tumour volume, the LCP model should explicitly incorporate the 
inhomogeneouss distribution of glandular tissue considered to be at risk of 
tumourr recurrence. 

Thee benefit of conformal breast irradiation with or without intensity 
modulationn compared to standard rectangular tangential irradiation fields 
stilll has to be proven clinically, although some centres already incorporate 
individuallyy shaped blocks to shield the lung or heart [31]. A clinical study 
investigatingg the exact position of local recurrences with respect to the 
treatmentt field borders is needed to establish the value of conformal breast 
irradiation.. The study results can be used to improve future treatment 
techniquess and to validate and improve the LCP models needed for 
automatedd optimisation of (intensity modulated) treatment plans. 

Locoregiona ll  irradiatio n 

Thee widely varying target volume shape between individual patients 
makess it necessary to individualize the treatment technique for all patients 
thatt receive IM-MS irradiation. Based on the position of the IM-MS lymph 
nodess and the shape of the breast or thoracic wall, either an anterior IM-MS 
fieldd or an oblique IM-MS field should be chosen if the treatment technique 
iss defined at a simulator unit. This should be combined with tangential 
photonn fields to irradiate the breast or thoracic wall. A direct electron field 
cann also be used to irradiate the thoracic wall. The use of the wide split 
tangentt technique is not recommended, because it results in a higher lung 
andd heart dose and too high dose to the IM-MS nodes (chapter 7). If the 
treatmentt technique is defined at a simulator unit, the position of the lymph 
nodess should be determined by scintigraphy rather than by sonography. 
However,, radiotherapy could be improved substantially if CT treatment 
planningg would be routinely used for these patients. This enables a better 
locationn of the target volumes and calculation of the 3D dose distribution. 
Onn the basis of this information, a better choice between anterior or oblique 
IM-MSS fields can be made and a more accurate choice of the electron beam 
energyy is possible. Furthermore, the availability of CT scans is needed if 
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onee wants to implement an IMRT technique for this target volume. Although 
thee implementation of a tangential IMRT technique might initially increase 
thee treatment preparation time, it might be expected that treatment 
preparationn time eventually will be comparable to conventional simulation 
whilee the design and construction of electron moulds for the IM-MS fields 
and,, after a mastectomy, thoracic wall electron fields will no longer be 
needed.. The treatment execution time of a tangential IMRT technique can 
bee expected to be less than the treatment execution time of the anterior or 
obliquee irradiation techniques. 

Incorporatio nn of set-u p error s and orga n motio n 

AA margin between the irradiation field borders and the CTV is needed to 
accountt for the uncertainty in the localization of the CTV as well as patient 
set-upp errors and organ motion [21,43]. The improved techniques described 
inn chapters 4 to 7 were developed using CT based treatment plans. The 
CTVss and ORs were delineated and proper margins were selected to 
ensuree an acceptable dose distribution. The estimated adequate treatment 
marginn depends on the size of the random and systematic errors and on the 
percentagee of patients for which one wants to achieve a specified minimum 
dosee to the CTV [40]. The proper margin width also depends on the beam 
arrangement.. If several beams irradiate the same edge of a CTV, tighter 
marginss might already result in adequate CTV coverage compared to the 
situationn when fewer fields overlap this CTV edge [33]. 

Insteadd of using margin recipes, the effect of set-up errors, organ motion 
andd organ deformation on the resulting dose distribution can also be 
incorporatedd in the treatment plans directly. There are now a number of 
studiess describing techniques to incorporate organ motion and deformation 
andd set-up errors into 3D dose calculations [8,14,15,22,29,32,46]. 

AA simple but time-consuming method is the calculation of several 
treatmentt plans to include selected set-up errors and organ deformations 
[8,14].. Das et al. calculated the effects of set-up errors and treatment field 
gantryy angle deviations on the dose distribution based on re-simulation of 
tangentiall field irradiation of the breast [8]. However, deriving the resulting 
overalll dose distribution from selected set-up errors and organ deformations 
iss not straightforward. 

Xingg ef al. proposed a method to estimate the effect on the overall dose 
distributionn by multiplying the effect of several, separately calculated effects 
(e.g.,, collimator and gantry angle misalignments and patient displacements), 
onn the dose distribution [46]. 

Convolution-basedd methods, in which the static dose distribution is 
convolvedd with a function that describes organ motion and set-up deviations 
havee also been used [22,29,32]. The resulting dose distribution directly 
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describess the overall dose distribution. This function can be Gaussian in 
shape,, which is often used to describe set-up errors. The method described 
byy Lujan et al. [29] is based on the convolution of a static dose distribution 
withh a probability distribution function that describes the nature of the non-
Gaussiann lung motion. Organ motion due to breathing is assumed here to 
bee one-dimensional and is modelled using a periodic non-symmetric 
functionn (more time spent at exhalation than inhalation). Convolution 
methodss can only be used if the dose distribution is invariant under set-up 
errorss and organ motion or deformation. Although this may lead to adequate 
calculationss for some sites such as pelvic and head and neck treatments, its 
usee in lung or breast cancer treatment techniques is questionable, because 
thee dose distribution is not invariant under set-up errors and breathing 
motionn in this region. Future research aimed at a more accurate 
quantificationn of these influences on the overall dose distribution is needed 
too further improve treatment techniques of breast cancer. 

Inn addition to incorporation of the effect of set-up errors, organ motion 
andd deformation on the overall dose distribution in one single treatment plan 
designedd at the start of the treatment, it is also possible to adapt the 
treatmentt plan based on information obtained during the actual treatment 
series.. Based on individually measured set-up errors, the beam shapes and 
directionss can also be adapted after each fraction [15,20,27]. These 
methodss do not only lead to a better quantification of the effects of set-up 
errorss on the dose distribution, the methods actually enable the use of an 
individuallyy determined treatment field margin that leads to an improved 
treatmentt technique. However, all methods mentioned above increase the 
treatmentt preparation and execution time. A much more efficient method 
couldd be to clinically implement a set-up error correction protocol for 
conformall breast cancer treatment techniques [19]. This method enables 
thee use of smaller margins because the set-up errors are reduced, and the 
methodd does not increase treatment preparation time. The effect of set-up 
errors,, organ motion and deformation on the overall dose distribution should 
bee quantified in research studies using further improved methods to quantify 
thesee effects. 

Increas ee of distanc e betwee n th e breas t and th e lun g and hear t 

Usually,, breast cancer patients are treated in a supine position. This 
positionn is comfortable for the patient and enables the selection of a wide 
rangee of beam directions. Generally, set-up errors in this position are 
acceptablee [19]. 

Thee use of fixation devices or various arm rests influence the set-up 
errorr and can also influence the volume of the organs at risk inside the 
treatmentt fields, as shown in chapter 8 and confirmed in a study by Canney 
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etet al. [6]. In chapter 8 it is shown that, by using a forearm support instead of 
aa 'L-bar' support, the central lung distance and maximum heart distance in 
tangentiall field irradiation of the breast can already be reduced by on 
averagee 3 and 5 mm, respectively. In some institutions, a lateral decubitus 
orr prone position irradiation is used for patients with large breasts 
[1,12,13,34].. This may reduce the amount of lung and heart inside the fields 
iff the distance between the breast CTV and the ORs can be increased. 

Breathh hold or respiration gated breast irradiation is another method to 
reducee the amount of lung and heart inside the treatment fields [25,28]. 
Thesee methods can reduce the volume of heart inside the field with as much 
ass 86% [28]. Although these methods can only be implemented at the cost 
off some patient discomfort and an increase in workload at the treatment 
unit,, the significant reduction of heart volume inside the treatment fields 
validatess introduction of this technique for specific patients. Shirato et al. 
havee already demonstrated the feasibility of gated radiotherapy for lung 
tumourss where the gating was triggered by the position of gold markers 
implantedd in the tumour [38]. They used a real-time tracking-tracking system 
consistingg of four sets of diagnostic X-ray systems. Technologies such as 
gatedd radiotherapy may significantly increase the treatment time, while 
breath-holdd techniques may be poorly tolerated by pulmonary compromised 
patients.. A solution proposed by Keall et al. in which the target motion is 
synchronouslyy followed by adapting the X-ray beam using a dynamic 
multileaff collimator (MLC) does not suffer from these drawbacks. However, 
thiss technique does not increase the distance between the CTV and ORs 
duringg irradiation and is therefore not as effective as gating techniques [23]. 
Thee most promising treatment technique might be to combine gated 
radiotherapyy with set-up position verification and correction using an 
amorphouss silicon EPID [26]. The beam could be triggered by a predefined 
maximumm amount of lung inside the treatment fields using the same 
amorphouss silicon imaging device that is fast enough to track breathing 
motion. . 

QAA of radiotherap y trial s 

Inn the previous sections possible methods for improving radiotherapy 
treatmentt techniques for breast cancer patients were discussed. The 
improvementt gained by the implementation of such techniques is often 
estimatedd on the basis of treatment planning studies. The actual clinical 
benefitt of new treatment techniques can only be adequately assessed by 
performingg a large randomised prospective trial in which the results of a 
standardd treatment technique are compared with a new treatment 
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technique.. Quality assurance of such trials is needed to reach a high 
compliancee with the trial protocol [5,18,36,41,42]. A phase III randomised 
EORTCC trial (the AMAROS trial) comparing radiotherapy with surgery after 
mappingg of the axilla was started in the beginning of 2001 [7]. Preliminary 
resultss of the radiotherapy dummy run procedure of this trial show that a 
widee variety of treatment techniques are used to treat the axillary region. In 
somee techniques, the dose variation is greater than 20%, which is not 
compliantt with the trial protocol and may influence the trial results. In such 
cases,, suggestions for treatment technique modifications are send to the 
individuall participating institutions. Even if a trial quality assurance program 
iss performed, it is important to quantify the effect of protocol violations on the 
outcomee of the trial, as this factor may confound the true results of the trial 
[36]. . 

AA multidisciplinary approach is needed for further improvement of breast 
cancerr radiotherapy. Tools for improved target volume localization, 
delineationn and delivery should become commercially available according to 
thee suggestions from clinical test sites, and guidelines for their safe use in 
clinicall practice should be developed. Based on clinical trial results and new 
insightss in the development and progression of breast cancer, the radiation 
oncologistt should refine the objectives of radiotherapy, for the individualized 
optimisationn of the radiotherapy treatment. Collaboration between radiation 
oncologists,, clinical physicists and radiation technologists is needed if a 
properr implementation of these new techniques is to be accomplished. 
Thereafter,, new clinical trials supported by radiotherapy collaborative groups 
aree needed to test the effects of the use of these new techniques on the 
treatmentt outcome. 

Conclusion s s 

Thee results presented in this thesis indicate that significant 
improvementss of commonly used breast cancer irradiation techniques are 
possible.. These improvements include better localization of the IM-MS and 
breastt target volumes, better patient treatment positioning and 
implementationn of conformal treatment techniques with or without intensity 
modulation.. These conformal techniques can be introduced clinically without 
aa considerable increase in workload if the maximum heart distance is used 
ass a patient selection criterion. 

Variationss in the delineation of breast target volume on CT scans can be 
ass large as several centimetres at the medial and caudal edges of the CTV. 
Thesee variations can be decreased by using CT scans with lead wires 
placedd on the skin around the palpable breast and by making corrections to 
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thee axial delineations using sagittal and coronal reconstructions. Future 
researchh should be aimed at the development of a better clinical target 
volumee definition, e.g., by using the results from trials comparing whole 
breastt irradiation to partial breast irradiation, by using the results from 
pathologyy studies and by using high-resolution CT imaging of the breast. 

Localizationn of the IM nodes is often performed using sonography, 
whichh was shown to have an unacceptably high inaccuracy of 10 mm (1 
SD).. Localization can be improved when lymphoscintigraphy or computer-
tomographyy are used. Both techniques have an acceptable accuracy of 
approximatelyy 5 mm (1 SD). 

AA 6-field technique making use of oblique IM fields matched to 
tangentiall fields is developed which results in better target coverage than a 
commonlyy used technique using anterior IM fields. Intensity modulated 
tangentiall fields to irradiate the breast and upper IM nodes were also shown 
too result in acceptable target coverage. Such an approach might be more 
efficientt with respect to treatment delivery than the 6-field oblique technique. 

Thee use of standard rectangular tangential fields to irradiate the left 
breastt without the IM-MS lymph nodes leads to the irradiation of a large 
amountt of lung and heart for some patients. It is demonstrated that the use 
off conformal or intensity modulated tangential fields to irradiate the left 
breastt can result in a decrease of the NTCP for excess cardiac mortality of 
30%% and 65%, respectively, compared to the standard technique. However, 
thee use of these techniques for all patients is not needed and would be too 
labourr intensive. By using a forearm support instead of a 'L-bar' support, the 
centrall lung distance (CLD) and maximum heart distance (MHD) in 
tangentiall field irradiation of the breast can already be reduced by on 
averagee 3 and 5 mm, respectively. Therefore, the use of the forearm 
supportt is recommended. 

Thee MHD was introduced to select patients during conventional 
simulationn that have a high NTCP for late cardiac mortality resulting from 
tangentiall field irradiation of the left breast. A good correlation between the 
MHDD and NTCP calculated on the basis of 3D CT data was found. If a too 
largee MHD is found, the placement of a simple block to shield the heart, 
maintainingg a sufficient margin towards the breast, should be considered 
first,, as this is a very efficient method to reduce the dose to the heart. 
However,, if the MHD is then still too large, CT based treatment planning of 
conformall intensity modulated fields is recommended. 

Thee treatment planning studies presented in this thesis did not include 
calculationss of the influence of set-up errors and organ motion on the dose 
distribution.. More research is needed if one wants to quantify this influence 
inn detail. A clinical protocol for the use of intensity modulated tangential 
fieldss will be developed in the near future. 
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Summar y y 

Radiotherapyy is an important treatment modality for patients with breast 
cancer.. With respect to most other common cancers, a high local control 
ratee and good overall survival can be achieved for the majority of breast 
cancerr patients with current surgery and adjuvant radiotherapy treatment 
techniques.. However, because the incidence of breast cancer is high, small 
radiotherapyy treatment improvements can still have a large impact on the 
numberr of patients with locally controlled disease and prolonged survival. 
Radiationn pneumonitis, cardiac morbidity, late cardiac mortality and a 
decreasedd cosmetic outcome are possible side effects of radiotherapy. 
Althoughh the incidence of late cardiac mortality is low, the severeness of the 
complicationn justifies the continued search for better irradiation techniques. 
Inn this thesis a number of improvements of breast cancer radiotherapy 
techniquess are described. 

Inn chapte r 1 the development of breast cancer treatment techniques is 
brieflyy discussed, with emphasis on radiotherapy techniques. The effect of 
radiotherapyy on local control and overall survival is presented according to 
treatmentt site. The complications arising from radiotherapy are quantified, 
andd involve skin reactions, arm and shoulder malfunctioning, pulmonary 
functionn changes, cardiac morbidity and late cardiac mortality. Although skin 
reactionss are common, these complications are usually transient and not 
veryy severe. The other complications only arise in a few percent of all 
patients.. However, some of these complications are much more severe. 

Inn chapte r 2 the accuracy of the delineation of the breast target volume 
onn CT-scans is quantified. The patient averaged deviations in planning 
targett volume (PTV) extent were larger in the posterior (range: 42 mm), 
craniall (range: 28 mm) and medial (range: 24 mm) directions than in the 
anteriorr (range: 6 mm), caudal (range: 15 mm) and lateral (range: 8 mm) 
directions.. The intraobserver variation was decreased by a factor 4 on scans 
madee with a lead wire compared to scans made without a lead wire. 
Consequently,, if breast target volumes are to be delineated on CT-scans, 
leadd wires should be placed on the skin around the palpable breast to 
reducee the intraobserver variation. 

Inn chapte r 3 the accuracy of sonography, lymphoscintigraphy and 
computer-tomographyy for localisation of the IM lymph nodes is quantified. 
Thee use of sonography is not recommended, because the accuracy of the 
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lateralisationn is only 10 mm (1 SD) and a systematic deviation in depth of 5 
mmm is found which is also patient and observer dependent. 
Lymphoscintigraphyy and computer-tomography have a comparable 
accuracyy of 5 mm (1 SD) in depth and 6 mm (1 SD) in lateralisation, which 
iss adequate for radiotherapy. 

Inn chapte r 4 and chapte r 5 an improved technique for irradiation of the 
internall mammary (IM) - medial supraclavicular (MS) lymph nodes is 
presented.. This technique is compared with our standard technique that 
consistss of an anterior mixed electron / photon IM-MS field and with 
irradiationn of the left breast only. For the latter technique, the maximum 
distancee of the heart contour to the posterior field border, as seen in the 
beam's-eyee view of the medial tangential fields, was measured. This value 
wass scored as the maximum heart distance (MHD). In the improved 
technique,, an oblique electron and an oblique asymmetric photon field are 
combinedd to irradiate the IM lymph nodes. To irradiate the MS lymph nodes, 
aa combination of an anterior electron and an anterior asymmetric photon 
fieldd is used. In all three techniques, tangential photon fields are used to 
irradiatee the breast. Using the CT-data during treatment planning for all 
threee treatment techniques, both locoregional treatment techniques resulted 
inn good coverage of the lymph nodes, while the standard locoregional 
techniquee sometimes results in an underdosage of part of the target volume 
(meann PTV volume receiving a dose of 95% or more: 90%, range: 69%-
99%).. The improved and standard locoregional techniques result in a 1.7% 
andd 1.0% higher probability of heart complications compared with irradiation 
off the left breast only. The normal tissue complication probability (NTCP) 
valuess for the tangential field technique could be estimated using the MHD. 
NTCPP values for radiation pneumonitis were low for all techniques; between 
0.0%% and 1.0%. 

Inn chapte r 6 the possible reduction of cardiac and lung dose by 
applyingg conformal tangential beam irradiation of the intact left breast with 
andd without intensity modulation, instead of rectangular tangential treatment 
fieldss is quantified. Furthermore, the extension of the applicability of the 
MHDD to conformal tangential fields as a simple patient selection criterion, 
identifyingg patients during conventional simulation for which rectangular and 
conformall tangential fields without intensity modulation will result in 
unacceptablee NTCP values for late cardiac mortality (e.g., > 2%), was 
investigated.. The NTCP for radiation pneumonitis was on average below 
0.6%)) for the three techniques. The NTCP for late cardiac mortality was 
5.9%oo (SD: 2.2%) for the rectangular field technique. This value was reduced 
too 4.0% (SD: 2.3%) with the conformal technique. A further reduction to 
2.0%oo (SD: 1.1%) could be accomplished with the IMRT technique. 
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Thee NTCP for late cardiac mortality could be described with a high 
accuracyy as a second order polynomial function of the MHD and was 
independentt of the technique for which the MHD was determined. In order 
too achieve NTCP values for late cardiac mortality below 1%, 2% or 3%, the 
MHDD should be equal to or smaller than 11 mm, 17 mm or 23 mm, 
respectively.. If such a maximum complication probability cannot be avoided 
byy placing a block to shield the heart without shielding of the planning target 
volume,, a treatment using the IMRT technique should be considered. 

Inn chapte r 7 intensity modulated (IMRT) and non-intensity modulated 
radiotherapyy techniques in the treatment of the left breast and upper IM 
lymphh nodes are compared and evaluated. Three different treatment plans 
weree created: 1) tangential photon fields with oblique IM lymph nodes 
electron-photonn fields with manually optimised beam weights and wedges, 
2)) wide split tangential photon fields with a heart block and computer 
optimisedd wedge angles, and 3) IMRT tangential photon fields. 

Thee average standard deviation of the differential dose-volume 
histogramm of the breast PTV was 4.6, 3.9 and 3.5% and the average mean 
dosee to the IM lymph nodes was 97.2, 108.0 and 99.6% for the oblique 
electron,, wide split tangent and IMRT techniques, respectively. The average 
NTCPP value for the heart and lungs were comparable between the oblique 
electronn and IMRT techniques (< 0.7%). The wide split tangent technique 
resultedd in higher NTCP values (> 2%) for the heart. 

Inn chapte r 8 the effect of the use of two different arm positioning 
devicess on the amount of lung and heart inside left-sided tangential 
treatmentt fields was studied. This comparison was based on simulator 
imagess of medial tangential fields taken in two positions: 1) with the 
ipsilaterall arm abducted, holding a 'L-bar' armrest and 2) with both arms 
extendedd above the head in a forearm support. The average MHD as well 
ass the central lung distance (CLD) decreased significantly, by 3.4 (SE = 0.9) 
andd 4.7 (SE = 1.1) mm, respectively, when the new forearm support was 
used.. For some patients, a greater amount of the axilla was included in the 
field.. The use of the forearm support during breast cancer treatment with 
tangentiall fields is recommended to decrease the amount of heart and lung 
insidee the fields. The use of the forearm support also enables CT scanning 
off patients in treatment position. 

Inn chapte r 9 the results of the quality assurance 'dummy run' procedure 
off a large EORTC radiotherapy trial investigating the role of IM-MS 
irradiationn in stage l-lll breast cancer have been described. The dose in the 
IM-MSS region deviated significantly from the prescribed dose in 10% of the 
casess without IM-MS irradiation and in 21% of the cases with IM-MS 
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irradiation.. The dummy run detected a number of potential systematic 
protocoll deviations and recommendations were sent to the participating 
institutionss that improved interinstitutional consistency. 

Inn chapte r 10 the implications of the results presented in the previous 
chapterss with respect to clinical practice and directions of future research 
aree described: 

•• The maximum heart distance should be used to select patients 
duringg conventional simulation for which standard left-sided breast 
irradiationn will result in unacceptable NTCP values for late cardiac 
mortality.. These patients should be treated using conformal fields. 

•• Intensity modulated tangential fields should be used to treat left-
sidedd breast of patients for which the use of conformal fields does 
nott result in a suffient decrease in NTCP values for cardiac mortality. 
Beforee clinical implementation, the influence of set-up errors on the 
dosee distribution should be quantified. The use of high-resolution CT 
imagingg might be useful to decrease the uncertainty in the 
localizationn of the breast clinical target volume. 

•• The irradiation technique to treat the breast and IM-MS lymph nodes 
shouldd be based on individual localization of the lymph nodes using 
lymphoscintigraphyy or CT. 

•• Further, clinical studies investigating the exact position of local 
recurrencess with respect to the primary tumour and the treatment 
fieldd borders are required to assess the value of conformal breast 
irradiation.. The results can be used to further optimise breast cancer 
radiotherapy. . 
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Samenvattin g g 

Radiotherapiee is een belangrijke behandelmodaliteit bij patiënten met 
borstkanker.. In vergelijking met veel andere vormen van kanker is de kans 
opp lokale controle en ziektevrije overleving na chirurgie en radiotherapie 
groott voor de meeste borstkankerpatiënten. Maar omdat het aantal nieuwe 
patiëntenn met borstkanker per jaar erg groot is, kan een kleine verbetering 
inn de radiotherapie bestralingstechniek al leiden tot een groot aantal extra 
patiëntenn waarbij lokale controle kan worden bereikt en waarbij de periode 
vann ziektevrije overleving kan worden vergroot. 

Longontstekingen,, (a-symptomatische) hartafwijkingen, fatale 
hartproblemenn 10-20 jaar na bestraling en een verminderd cosmetisch 
resultaatt zijn bekende bijwerkingen van borstkankerbestraling. Hoewel de 
kanss op late fatale hartafwijkingen klein is, rechtvaardigt de ernst van de 
complicatiee de voortdurende inspanningen om de bestralingstechnieken nog 
verderr te verbeteren. In dit proefschrift is een aantal verbeteringen van 
bestaandee bestralingstechnieken voor borstkanker beschreven. 

Inn hoofdstu k 1 wordt de ontwikkeling van behandelmethodes voor 
borstkankerr kort besproken, waarbij de nadruk ligt op bestralingstechnieken. 
Dee toename in lokale controle en ziektevrije overleving als gevolg van 
radiotherapiee wordt gekwantificeerd per doelgebied dat voor bestraling in 
aanmerkingg komt. De bijwerkingen van radiotherapie, zijnde huidreacties, 
verminderdee arm- en schouderfunctie, veranderende longfunctie, niet-
symptomatischee hartafwijkingen en late fatale hartafwijkingen, worden 
besproken.. Hoewel huidreacties vrij vaak voorkomen, zijn deze complicaties 
vaakk van voorbijgaande aard en niet ernstig. De andere bijwerkingen treden 
alleenn op in een klein percentage van de patiënten, maar deze bijwerkingen 
zijnn veel ernstiger. 

Inn hoofdstu k 2 is de nauwkeurigheid van het intekenen van het 
planningg borst doelvolume (PTV: planning target volume) op CT scans 
gekwantificeerd.. De patiëntgemiddelde afwijkingen in de extensie van het 
PTVV waren groter in de posterior (bereik: 42 mm), craniale (bereik: 28 mm) 
enn mediale (bereik: 24 mm) richtingen dan in de anterior (bereik: 6 mm), 
caudalee (bereik: 15 mm) en laterale (bereik: 8 mm) richtingen. De inter-
waarnemervariatiee daalde met een factor 4 voor CT scans waarop een 
looddraadd om de palpabele borst was geplaatst, ten opzichte van CT scans 
waaropp geen looddraad zichtbaar was. Daarom dient het aanbeveling om 
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eenn looddraad om de palpabele borst te plaatsen indien men het PTV op 
CTT scans wil intekenen. 

Inn hoofdstu k 3 is de nauwkeurigheid van echografie, lymfoscintigrafie 
enn CT met betrekking tot de lokalisatie van de mamaria interna lymfeklieren 
gekwantificeerd.. Het gebruik van echografie wordt niet aanbevolen, omdat 
dee nauwkeurigheid waarmee de lateralisatie kan worden bepaald slechts 10 
mmm (1 SD) is, en er een systematische afwijking in de bepaling van de 
dieptee van 5 mm is gevonden, welke bij meer gedetailleerde analyse ook 
patiënt-- en waarnemerafhankelijk blijkt te zijn. 

Lymfoscintigrafiee en CT hebben een vergelijkbare nauwkeurigheid van 5 
mmm (1 SD) in de diepte en 6 mm (1 SD) in lateralisatie, welke toereikend is 
voorr radiotherapie. 

Inn hoofdstu k 4 en 5 wordt een verbeterde techniek voor bestraling van 
dee borst en mamaria interna en medio-supraclaviculaire lymfeklieren 
beschreven.. De techniek wordt vergeleken met onze standaard techniek, 
waarbijj de lymfeklieren worden bestraald met een loodrecht invallende 
fotonenbundell en elektronenbundel, en met bestraling van de linkerborst 
alleen.. Voor laatstgenoemde techniek is de maximale afstand gemeten van 
dee hartcontour tot de dorsale veldgrens, zoals zichtbaar is op een beam's 
eyee view van een mediolateraal bestralingsveld. Deze maat is 
geïntroduceerdd als de maximale hartafstand (maximum heart distance: 

MHD). . 
Dee verbeterde bestralingstechniek maakt gebruik van schuin invallende 

fotonen-- en elektronenbundels ter bestraling van de mamaria interna 
lymfeklieren.. De medio-supraclaviculaire lymfeklieren worden bestraald met 
loodrechtt invallende fotonen- en elektronenbundels. In alle drie technieken 
wordtt gebruik gemaakt van tangentiële fotonenbundels voor bestraling van 
dee borst. 

Opp basis van de CT planningen kon worden vastgesteld dat beide 
locoregionalee bestralingstechnieken resulteerde in een goede dosering van 
dee lymfeklieren, waarbij de standaard techniek soms resulteerde in een 
onderdoseringg van een deel van het borstdoelgebied (gemiddelde borst 
PTVV volume dat een dosis van 95% of meer van de voorgeschreven dosis 
krijgt:: 90%, bereik: 69%-99%). 

Dee verbeterde en standaard locoregionale bestralingstechnieken 
resulteerdenn in een 1.7% en 1.0% hogere kans op cardiale mortaliteit in 
vergelijkingg tot bestraling van de linkerborst alleen. De kans op complicaties 
(normall tissue complication probability: NTCP) voor cardiale mortaliteit kon 
voorr de schampveldentechniek worden geschat met behulp van de MHD. 
Dee NTCP-waarden voor radiatiepneumonitis waren laag voor alle 
bestralingstechnieken;; tussen 0.0% en 1.0%. 
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Inn hoofdstu k 6 is de mogelijke reductie in hart- en longdosis door 
gebruikmakingg van conforme tangentiële velden met of zonder 
intensiteitsmodulatiee (IMRT) in plaats van gebruikmaking van rechthoekige 
tangentiëlee velden bij bestraling van de linkerborst gekwantificeerd. 

Bovendienn is bepaald of de MHD ook een goede maat is om patiënten 
tee selecteren tijdens conventionele simulatie die onacceptabel hoge NTCP-
waardenn voor cardiale mortaliteit zouden hebben bij bestraling met 
rechthoekigee velden of conforme velden zonder intensiteitsmodulatie (b.v. > 
2%).. De gemiddelde NTCP-waarde voor radiatiepneumonitis was lager dan 
0.6%% voor alle drie bestralingstechnieken. De NTCP-waarde voor fatale 
cardialee mortaliteit was 5.9% (SD: 2.2%) voor de rechthoekige velden 
techniek.. Deze waarde was verminderd tot 4.0% (SD: 2.3%) bij 
gebruikmakingg van de conforme techniek. Een verdere reductie tot 2.0% 
(SD:: 1.1%) kon worden verkregen met de IMRT-techniek. 

Dee NTCP-waarde voor late fatale hartschade kon met een hoge 
nauwkeurigheidd worden beschreven door een tweede orde polynoom als 
functiee van de MHD en deze polynoom was onafhankelijk van de 
bestralingstechniekk waarbij de MHD was gemeten. Om NTCP-waarden voor 
latee cardiale mortaliteit beneden 1%, 2% of 3% te verkrijgen, dient de MHD 
gelijkk te zijn aan of kleiner dan 11 mm, 17 mm of 23 mm, respectievelijk. Als 
dergelijkee hoge NTCP-waarden niet kunnen worden voorkomen door het 
plaatsenn van een blok om het hart af te schermen zonder dat daarmee een 
deell van het PTV wordt afgedekt, dient de toepassing van de IMRT-
techniekk overwogen te worden. 

Inn hoofdstu k 7 worden intensiteitsgemoduleerde en niet-
intensiteitsgemoduleerdee technieken voor bestraling van de linkerborst en 
bovenstee mamaria interna lymfeklieren (IM) vergeleken en geëvalueerd. Er 
zijnn drie verschillende bestralingstechnieken ontworpen: 1) tangentiële 
fotonenveldenn met schuin invallende IM elektronen-fotonenvelden met 
handmatigg geoptimaliseerde bundelgewichten en wighoeken, 2) wijde 
tangentiëlee fotonenvelden met een blok om het hart af te schermen en 
computer-geoptimaliseerdee wighoeken, en 3) IMRT tangentiële 
fotonenvelden. . 

Dee gemiddelde standaarddeviatie van de differentiële dosis-volume 
histogrammenn van het borst PTV was 4.6, 3.9 en 3.5% en de gemiddelde 
dosiss in de IM lymfeklieren was 97.2, 108.0 and 99.6% voor de schuin 
invallendee elektronen, wijde schampvelden en IMRT-techniek, 
respectievelijk.. De gemiddelde NTCP-waarden voor hart- en longschade 
warenn vergelijkbaar tussen de schuin invallende elektronen en IMRT-
techniekenn (< 0.7%). De wijde schampvelden resulteerden in hogere NTCP-
waardenn (> 2%) voor hartschade. 
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Inn hoofdstu k 8 is het effect van het gebruik van twee verschillende 
armsteunenn op de hoeveelheid long en hart in linkszijdige tangentiële 
veldenn voor bestraling van de borst bestudeerd. De vergelijking is 
gebaseerdd op simulatorfoto's van medio-laterale tangentiële velden 
gemaaktt in twee posities: 1) De ipsilaterale arm gepositioneerd in een L-
vormigee armsteun en 2) met beide armen gepositioneerd boven het hoofd in 
eenn onderarmsteun. Zowel de gemiddelde MHD als de centrale long 
afstandd verminderde significant, met 3.4 (SE = 0.9) en 4.7 (SE = 1.1) mm, 
respectievelijk,, wanneer de nieuwe onderarmsteun werd gebruikt. Bij 
sommigee patiënten kwam evenwel een groter deel van de oksel in het veld. 
Hett gebruik van een onderarmsteun bij borstkankerbestraling met 
tangentiëlee velden wordt op basis van deze studie aanbevolen om de 
hoeveelheidd long en hart binnen de velden te verkleinen. Het gebruik van 
dee onderarmsteun maakt het tevens mogelijk een CT scan van de patiënt te 
makenn in bestralingspositie. 

Inn hoofdstu k 9 zijn de resultaten beschreven van de 'dummy run' 
kwaliteitscontrolee procedure van een grote European Organisation for 
Researchh and Treatment of Cancer (EORTC) radiotherapie-studie naar de 
roll van Internal Mammary - Medial Supraclavicular (IM-MS) bestraling bij 
stadiumm l-lll borstkanker. De dosis in het IM-MS doelgebied verschilde 
significantt van de voorgeschreven dosis in 10% van de gevallen zonder IM-
MSS bestraling en in 2 1 % van de gevallen met IM-MS bestraling. Met de 
'dummy-run'' werden een aantal potentiële systematische afwijkingen van 
hett studieprotocol gevonden. Er werden aanbevelingen verzonden naar de 
deelnemendee instituten die de inter-institutionele consistentie vergrootte. 

Inn hoofdstu k 10 zijn de implicaties van de resultaten uit voorgaande 
hoofdstukkenn besproken voor de klinische praktijk en richtingen voor verder 
onderzoek: : 

•• De maximale hartafstand (MHD) zou gebruikt kunnen worden om 
patiëntenn te selecteren tijdens conventionele simulatie bij welke het 
gebruikk van standaard linkszijdige tangentiële velden ter bestraling 
vann de borst zal resulteren in onacceptabele NTCP-waarden voor 
latee fatale hartschade. Voor deze patiënten dient het gebruik van 
conformee tangentiële velden overwogen te worden. 
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•• Intensiteitsgemoduleerde tangentiële velden zouden gebruikt kunnen 
wordenn indien het gebruik van niet-intensiteitsgemoduleerde 
conformee velden niet resulteert in een voldoende afname van de 
NTCP-waardee voor late fatale hartschade. Voordat een dergelijke 
techniekk klinisch kan worden geïmplementeerd, dient de invloed van 
instell onnauwkeurigheden op de dosisverdeling te worden 
gekwantificeerd.. Het gebruik van hoog kontrast CT beelden zou 
bruikbaarr kunnen zijn bij het verminderen van de intekenvariatie van 
hett borstdoelvolume. 

•• De techniek ter bestraling van de IM-MS lymfeklieren en borst dient 
tee worden gebaseerd op individuele lokalisatie van de lymfeklieren 
mett behulp van lymfescintigrafie of computer-tomografie. 

•• Klinische studies naar de exacte positie van lokale recidieven ten 
opzichtee van de primaire tumor en de veldgrenzen zijn nodig om de 
werkelijkee waarde van conformatietechnieken te kunnen bepalen. De 
resultatenn van dergelijke studies kunnen gebruikt worden om 
borstkankerbestralingg nog verder te optimaliseren. 
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