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CHAPTERR 1 BREASTT RADIOTHERAPY 

1.11 BREAS T RADIOTHERAPY 

1.1.11 Historica l Backgroun d 

Cancerr is an ancient affliction and a familiar enemy. EtymologicaUy, cancer is latin in ori-

gin,, meaning crab [1] but its true linguistic roots remain obscure. It may be from its hard 

shell-likee scirrhous appearance or may possibly due to the "claws" formed by the veins 

surroundingg the tumour [2]. The history of breast cancer, like the history of medicine, 

iss marked by progressive advances in medical understanding and treatment, which high-

lightss the dialectic interplay between theory and therapy. The therapeutic rationale can 

bee understood by the model paradigm of disease. For example, some early societies 

believedd epilepsy was a form of spiritual possession and, thus, prescribed exorcism as a 

treatment.. Therefore, effective treatment depends on a useful (but not necessarily accu-

rate)) theory of disease. 

Thoughh the scourge of cancer reaches back into prehistory, the Egyptians were the 

first,, almost 5000 years ago, to describe breast cancer in their papyrus manuscripts and 

hieroglyphicc inscriptions [3]. Cautery was the "preferred" method of removal but, not 

surprisingly,, this treatment wasn't highly popular because of the high risk of hemor-

rhage,, infection and the considerable pain associated with the procedure. 

Thee next advance arose in Greece. The Greeks, notably Hippocrates (460-377? BQ and 

Aristotlee (384-322 BQ, were the first to distinguish medicine as a science rather than as 

superstition.. Natural processes, they thought, could be understood through reason. The 

mindd is linked intimately with the body; a healthy body reflects a healthy mind and a 

healthyy mind, a healthy body. Consequently, various psychological conditions could 

manifestt as physical ailments and vice versa. They established and taught the doctrine 

off  the four bodily humours based on this reductionist idea. The four humours (i.e. 

blackk bile/melancholic, phlegm/phlegmatic, yellow bile/choleric and blood /sanguine) 

weree related to the four elements (i.e. earth, wind, fire and water). Disease was caused 

byy an imbalance of these humours and treatment should, therefore, be directed at re-

storingg this balance [4]. According to their theory of disease, melancholy was due to 

excessivee black bile and the cause of cancer. Although simplistic and inaccurate, it was, 

nonetheless,, a laudable first attempt at understanding unexplained phenomenon with-

outt resorting to deus ex machina. This remained the prevailing theory of disease for al-

mostt 2000 years. 

Thee greatest Roman physician of his day was Claudius Galen (130-200 AD). Born in 

Pergamoss (in Asia Minor), he gained fame and renown for his skilled treatment of 

gladiators.. He eventually became the Emperor's personal physician and wrote exten-

sively,, particularly his anatomic studies of animal dissections. The Romans believed in 

thee doctrine of humours and followed most of the Grecian medical traditions. His 

writingss were the unquestioned medical authority well into the Middle Ages. Galen was 
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aa keen observer and believed cancer was curable only in its earliest stages and taught 
palliationn in most cases [4]. 

Afterr the Christianization of the Roman Empire, following its fall, the Catholic Church 
emergedd as the great political power of the age. The Church completely dominated all 
scientificc and religious thought during the Middle Ages. The adopted Aristotelian 
worldvieww remained the unchallenged church sanctioned dogma of the day until the 
greatt flowering of the Renaissance. The Renaissance was a time of great change, repre-
sentingg the democratization of truth away from a single dogmatic authority and the 
triumphh of empirical reasoning over blind unexamined faith. Two important advances 
inn the fields of surgery and pathology dramatically changed our understanding and 
treatmentt of breast cancer. 

Thee first advance was in surgical technique. Ambroise Pare (1517-1590), the greatest 
surgeonn of the Renaissance, favoured ligatures to control bleeding, reduce swelling and 
easee discomfort rather than cautery and burning oil [5]. He also recommended surgery 
onlyy if the cancer could be totally removed. The second major advance was patho-
physiological.. Andreas Vesalius (1514-1564), the renowned Flemish anatomist, pro-
ducedd his 7-volume folio masterpiece, De Humani Corporis Fabrica [6], which was the 
mostt accurate, up to date anatomy text of his day, correcting several long-standing er-
rorss of Galen [5]. 

Thee spread of breast cancer to the regional axillary nodes and its importance as a poor 
prognosticc indicator was recognized [7]. This observation shifted more clinical interest 
too the lymph nodes. After the discovery of the lymphatic vasculature, a new theory of 
diseasee implicating lymphatic abnormalities as the cause of cancer was proposed. Al-
thoughh risky and dangerous, treatment of choice was still surgical resection. Surgeons 
realizedd the cancer must be completely removed, including all its "filaments" and af-
fectedd lymph nodes. John Hunter (1728-1793) taught mobile tumours could be resected 
butt advised against surgery if the lymph nodes were involved [8]. 
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Courtesyy of the National Library of Medicine 

Figuree 1-1. Reproductions from an 18th century surgical textbook illustrating the procedure for breast 
amputation. . 

Thee next major surgical advances were in antisepsis by Joseph Lister (1827-1912) and 
anesthesiaa by Crawford Long (1815-1878). For the first time, surgery became practical 
andd relatively safe [9]. By the late 1800's, the theory of centrifugal spread was the ac-
ceptedd theorv of disease. Breast cancer, like other cancers, was believed to be a pro-
gressivee step-wise disease, spreading directly from the breast to the lymph nodes to 
otherr distant sites in a methodical, predictable and contiguous manner. Most women 
presentedd with locally advanced tumours the size of lemons. So it seemed natural to 
suggestt that more extensive resection should result in more cures and better local con-
troll  rates. The super radical approach culminated in 1894 when William Halsted (1852-
1922),, the pre-eminent American surgeon, first described the procedure for a radical 
mastectomyy [10]. In a radical mastectomy, the whole breast gjand, en bhc, with draining 
lvmphh nodes and pectoralis muscles were removed. Unfortunately, the procedure was 
highlyy mutilating and associated with marked post-operative morbidity. Period records 
fromm Johns Hopkins Hospital, where Halsted was appointed, revealed an average 10-
yearr survival rate of 12% with a 30% local recurrence rate. With better patient selection 
(i.e.. staging) and better surgical technique, 10-year survival rates steadily climbed, im-
provingg to about 50% by the 1950s. 

Byy the 1930's, a small chorus of clinicians challenged the Halstedian dictum of more is 

better.better. It became increasingly clear that patients with locally advanced disease were not 
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amenablee to surgical resection. By definition, these patients were deemed inoperable 
[11]]  so they were instead referred to radiotherapy. Successful radium treatments were 
reportedd as early as 1907 by W Heinatz [12]. Geoffrey Keynes (1887-1982), an English 
surgeonn and the brother of economist John Maynard Keynes, proposed interstitial ra-
diumm implants as primary treatment for early stage breast cancer in 1931 [13]. One of 
thee earliest breast conserving proponents, Francois Baclesse (1896-1967), suggested 
earlyy stage tumour excision be followed by irradiation [14]. The Netherlands Cancer 
Institute,, between 1954-1966, treated early stage breast cancer patients with a partial 
mastectomy,, axillary dissection and low dose orthovoltage radiation [15,16] but this 
programm yielded an unacceptably high rate of local recurrence (i.e. 41%) so was discon-
tinued.. Cushman Haagensen, a prominent breast surgeon, recognized another subset of 
poorr prognosis patients, those with axillary involvement, and suggested mastectomy be 
avoidedd due to its excessive morbidity and poor outcomes. For the most part, the medi-
call  establishment ignored or rejected their more conservative approach. Paradoxically, 
surgeons,, still steadfast in their Halstedian model paradigm of centrifugal spread, at-
temptedd ever more radical and ever more mutilating procedures as they agonized over 
everyy local recurrence. According to Halsted, these recurrences were a sign of inade-
quatee surgery. The heroic but often questionable efforts of the surgeon resulted in re-
gowningg mid-operation to prevent possible intraoperative tumour contamination, me-
ticulouss dissection and en bloc removal. 

Itt was not until the last quarter century, with improved radiotherapeutic techniques and 

aa better understanding of breast cancer's natural history, that surgeons' attitude towards 

breastt conserving surgery changed. In 1971, Bernard Fisher presented the initial results 

off  National Surgical Adjuvant Breast and Bowel Project (NSABP) B-04 trial [17] that 

demonstratedd no survival advantage of radical mastectomy over mastectomy with 

radiationn or mastectomy with delayed axillary dissection. The subsequent NSABP B-06 

triall  [18] demonstrated no survival advantage of total mastectomy over lumpectomy 

andd primary (i.e. adjuvant) radiation therapy. However, radiation did significantly reduce 

thee risk of local recurrence. The Milan I study [19], by Umberto Veronesi, demon-

stratedd equivalence of radical mastectomy against quadrantectomy, axillary dissection 

andd breast irradiation (50 Gy) with a boost (10 Gy) to the tumour bed. The EORTC 

108011 study [20] compared radical mastectomy versus tumour excision (including mi-

croscopicallyy incomplete margins of tumours up to 5 cm in size) followed by breast 

irradiationn (50 Gy) and a boost (15-25 Gy) to the tumour bed and found them to be 

equal. . 

1.1.22 Rational e 

Thee implications of these breast studies were far-reaching and set the foundations of 

modernn breast radiotherapy. First, it finally laid to rest the theory of centrifugal spread. 

Everr more radical surgery did not result in improved survival as they had hoped. Sec-
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ond,, primary whole breast radiotherapy following breast-conserving surgery signifi-

cantlyy reduced the risk of local recurrences. Third, breast-conserving surgery plus pri-

maryy breast radiotherapy was equally as good as mastectomy with respect to overall 

survivall  and local control. Fourth, the benefit of radiotherapy with respect to overall 

survival,, although significant, must be small or easily confounded (otherwise, the sur-

vivall  advantage would already be confirmed). Fifth, the rationale for combining differ-

entt treatment modalities such as surgery and radiotherapy was to reduce the overall 

treatmentt morbidity without compromising treatment outcomes. In other words, the 

therapeuticc index of treatment was greater with multimodal therapy than surgery (or 

radiotherapy)) alone. 

Theree is growing evidence [21-24] primary breast radiotherapy does indeed improve 

overalll  survival but this benefit may be partially offset by a commensurate increase in 

radiotherapy-relatedd deaths, notably cardiovascular events. The risk of fatal cardiac 

complicationss is related to the volume irradiated and the dose received by the heart [25-

27].. Rutqvist et al [28] compared primary breast RT following modified mastectomy and 

mastectomyy alone with respect to ischemic heart disease. Primary RT was significantly 

associatedd with ischemic heart disease (relative hazard=3.2). The study conclusions are 

basedd on older techniques, employing Co60, which is associated with greater target dose 

inhomogeneity.. Thus, these results cannot be directly extrapolated to newer treatment 

techniques.. Nixon et al [29] found no significant increase in long-term cardiac-related 

mortalityy with modern treatment techniques. Nonetheless, comparing older with newer 

treatmentt techniques, provide very strong empirical evidence of a dose-volume effect 

relationshipp between heart and cardiac mortality. 

Thee maximum heart distance (MHD) is an estimate of the amount of irradiated heart 

andd is defined as the maximum distance of the heart contour to the medial field edge, 

measuredd parallel to the caudal field edge, as seen on a beam's eye view (BEV) of the 

medio-laterall  tangential field. Our preliminary in-house patient review estimated the 

averagee left sided breast cancer patient population has a maximum heart distance of 

66 cm (with a maximum value of 3.2 cm). Assuming the frequency is normally 

distributed,, we expect around 83% of left-sided breast patients to have a MHD greater 

thann 1.0 cm, 57%, greater than 1.5 cm and 27%, greater than 2.0 cm. A MHD of 2.0 

cmm is associated with approximately 2.5% risk of late excess cardiac mortality [30]. We 

hypothesizee that primary radiotherapy would be most detrimental for the highest risk 

patientt subset and that the inclusion of patients from other subsets may confound any 

survivall  improvements in the breast cancer population as a whole. Therefore, improved 

radiotherapyy treatment in breast cancer would be of particular concern and interest for 

patientss with large irradiated heart volumes (i.e. left-sided breast). 
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1.1.33 Intensit y Modulate d Radiotherap y 

Intensityy modulated RT (IMRT) deserves special mention due to its importance in im-

provingg breast RT. IMRT exploits the expanded degrees of freedom associated with 

non-uniformm beams. By optimizing the beam's non-uniform fluence profile, the dose 

distributionn can be conformed around the target and, thereby, spare adjacent organs at 

risk.. When properly utilized, IMRT reduces the theoretical error (see Sect. 1.2.3.2) but 

tendss to be resource-intensive, hampering routine clinical implementation. 

Variouss "class" IMRT solutions have been published [31,32] to improve overall treat-

mentt planning and delivery efficiency. Our approach uses anatomy based pre-defined 

segments,, which serve as a compromise between minimizing the number of segments 

andd maintaining reasonably shaped segments. The dose for unreasonable segments, 

suchh as small, off-axis, elongated segments, are often difficult to calculate accurately. 

Pre-definedd segments ensure unreasonable segments are avoided altogether. Minimizing 

thee number of segments reduces the number of free variables and can dramatically 

shortenn the optimization time required for inverse planning. 

Furthermore,, there is increasing concern about the scatter dose to the contralateral 

breastt and its association with second primary breast cancers. Several studies [33-35] do 

demonstratee a small but statistically significant increase in contralateral breast cancers. 

Inn ligfrt of this evidence, any unnecessary radiation exposure to the contralateral breast 

shouldd be limited. Fewer beams with fewer segments will , in general, result in less scat-

terr dose (from beam modifying devices). The practical implications to the treatment 

techniquee are that, all else being equal, the plan with the fewest segments will be pre-

ferred. . 

1.22 RADIOTHERAPY 

1.2.11 General 

Thee general purpose of the thesis is: to improve radiotherapy treatment in breast can-

cer.. The specific purpose is: to devise a class solution to reduce late cardiac complica-

tionss for left-sided breast cancer patients that can be planned, delivered and imple-

mentedd simply. The studies included in the thesis, in toto, constitute a diverse collection 

off  papers directed towards the general goal of improving radiotherapy treatment in 

breastt cancer. For the purposes of this thesis, a treatment is improved if its therapeutic 

indexx also improves. 

1.2.22 Physica l and Biologica l Phase Spaces 

Radiotherapyy can be decomposed into two conceptually related parts: physical and bio-

logical.. The first part is concerned with the delivery of the physical dose in media. All 

radiotherapeuticc interventions ultimately modify the physical phase space in the form 
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off  absorbed dose. Usually, the dose is delivered by megavoltage photons from pre-
arrangedd beams. Different treatment setups and techniques result in different dose dis-
tributions.. If all the relevant interactions are well known and well described, then the 
absorbedd dose is predictable. Much effort has been devoted to improving dosimetry 
[36-39].. Physical phase space modifiers, such as blocks and wedges, influence the ab-
sorbedd dose. 

Thee second domain, the biological phase space, is concerned with the accurate and pre-
cisee understanding of the biological effect of the physical dose and the relationship 
betweenn them. The biological phase space is closely related to radiobiological models 
wheree the physical phase space is (correctly) mapped to the biological phase space. It is 
importantt to note that the biological phase space corresponds, in fact, to the clinical 
decision-makingg process of a radiation oncologist. The biological phase space attempts 
too make explicit the implicit conversion every clinician makes from physical dose to 
biologicall  outcome. Our knowledge of biological outcomes are, for the most part, de-
rivedd empirically. Consequently, most of our experience and understanding are from 
olderr conventional treatment techniques, usually involving uniform homogeneous 
doses.. Similar to physical phase space modifiers, biological phase space modifiers, such 
ass radiosensitizers and concurrent chemoradiation, in conjunction with the absorbed 
dose,, influence the biological outcome. 

Photonss are small quanta of electromagnetic energy In radiotherapy, these high energy 
photonss are usually generated by a linear accelerator and directed towards the patient. 
Energyy is deposited into media by the photons in the form of charged radicals which 
aree responsible for cellular damage. According to current radiobiological understanding 
[40],, the critical target is the nuclear DNA and the magnitude of damage is, in part, 
relatedd to the number of radicals, the charge of the radical and the kinetic energy of 
thee radical. All things being equal, more dose will cause more DNA damage. At some 
point,, the damage exceeds the repair capacity of the cell and the cell is rendered repro-
ductivelyy non-functional either through cell death or cell stasis. 

Ann important but tacit assumption is similar dose distributions result in similar out-

comee and complication rates, all else being equal. It is based on this assumption that 

variouss treatment comparisons are made possible since the corollary states: better dose 

distributionss result in better outcome and lower complication rates (and vice versa). 

1.2.33 Improvin g Radiotherap y Treatmen t 

Accordingg to our definition, improving radiotherapy treatment is identical to improving 

thee therapeutic index. In general, radiotherapy treatment can be improved by: 1) reduc-

ingg practical errors and/or 2) reducing theoretical errors. All improvements in radio-

therapyy can be categorized into these two types. Practical errors refer to the difference 

betweenn what is delivered and what is intended (i.e. exactness) while theoretical errors 
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referr to the difference between what is intended and what is ideal (i.e. correctness). 

Thesee distinctions are, by their nature, somewhat artificial since all errors are, ultimately, 

duee to imperfect knowledge of the system. However, distinguishing different types and 

sourcess of errors can be helpful in directing efforts for improvement. 

RADIOTHERAPEUTICC CHAIN 

Imaging g 

Delineation n 

Beamm Setup 
-technigue e 
-modality y 

-orientation n 

I I 
Dosee Calculation 

Planningg Adequate? - 1 

Patientt Setup 

Beamm Setup 

Dosee Delivery 

i i 
Dosee Verification 

Fractionss Completed? 

Treatmen tt  Plannin g 

Treatmen tt  Deliver y 

Figuree 1-2. Radiotherapeutic chain with various procedural links. 

1.2.3.11 Practica l error s 

Practicall  errors are related to the inherent stochastic uncertainty between the delivered 

andd the intended dose and may depend on many factors such as geometrical uncer-

tainty,, sampling error (introduced by imaging), and organ movement. They make no 

assumptionss as to the correctness of the target volume. Within the physical phase 

space,, we wish to achieve some desired dose distribution, usually encompassing some 

givenn target volume, inside the patient. Typically, numerous procedural steps, including 

treatmentt planning and delivery, are followed to achieve an adequate dose distribution. 

Inn this sense, the physical phase space is like a radiotherapeutic chain, composed of 

manyy interlocking links, representing the individual procedural steps (Figure 1-2). Each 

linkk takes the output of the previous link, performs some operation and makes the re-

sultt available for the next link. The strength of the link is inversely related to the uncer-

taintyy introduced by its operation. Therefore, the overall strength of the chain can be 

improvedd in 2 ways: 1) strengthening the weakest link or 2) eliminating the weakest link. 
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Thee latter is actually a specific instance of the former since removing a link is function-
allyy equivalent to making that link infinitely strong. 

Marginss are added to the CTV to ensure it receives the intended dose distribution. The 

moree procedural links in the chain, the greater the overall treatment uncertainty and, 

therefore,, the wider the required margin. By reducing practical errors, smaller margins 

aree required which spares more adjacent normal tissue (i.e. improves therapeutic index). 

1.2.3.22 Theoretica l error s 

Theoreticall  errors are more difficult to quantify since it depends on treatment's devia-

tionn from its theoretical ideal. The ideal treatment plan is defined as the plan with the 

greatestt therapeutic ratio (for a given degree of freedom and knowledge). At its limit , 

withh infinite degrees of freedom and perfect knowledge, the theoretical ideal converges 

too the "perfect" treatment where high dose is delivered to the tumour clonogens and 

noo dose everywhere else since this situation, in principle, maximizes the therapeutic 

index.. In general, minimizing theoretical errors (in the physical phase space) will tend to 

conformm the 3D dose cloud around the tumour clonogens (which is the "correct" 

CTV)) while minimizing practical errors will tend to reduce the required target margin. 

Theoreticall  errors are harder to quantify than practical errors since one must know 
whatt the ideal treatment plan is beforehand. In practice, this is very difficult to know a 

prioripriori  since the therapeutic indices for various treatments are constrained by incomplete 
knowledgee and also indirectly depend on the degrees of freedom associated with the 
treatment. . 

Considerr a spherical CTV, irradiated by 2 rectangular parallel-opposed fields. Conceptu-

ally,, we can increase the degrees of freedom by allowing the beam's gantry angle to 

freelyy vary. The theoretical error is reduced if the beams are set perpendicular to each 

otherr such that the treated volume is better conformed to the spherical CTV (com-

paredd to the parallel beam setup). More conformal dose distributions result in better 

sparingg of normal tissue and, therefore, improve the therapeutic index. In this sense, 

thee perpendicular beams are more "correct" than the parallel beams. If we increase the 

degreess of freedom further by allowing 3D conformal (rather than rectangular) beams, 

thenn even more conformal dose distributions are possible. By applying similar argu-

ments,, we could increase the degrees of freedom even more by implementing non-

uniformm beams (as used in IMRT) with similar results. Degrees of freedom need not be 

limitedd to just beam fluence modulation since allowing non-coplanar beams will in-

creasee it as well. 

Itt is, however, not necessarily true that merely increasing the degrees of freedom will 

alwayss reduce the overall error. It is possible that reducing theoretical errors may be 

offsett by an increase in practical errors. Although one may, in theory, be able to con-
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formm the dose distribution tightly around the CTV and spare nearby organs at risk 

(ORs),, in practice, this may not be possible. For example, if the CTV and OR are 5 mm 

apartt but the required target margin is 10 mm, then it will be exceedingly hard to satisfy 

bothh constraints. 

Lesss obvious but more challenging is the problem of target volume. Generally, the cli-

niciann is assumed to delineate the "correct" CTV but clearly this is not always the case. 

Incorrectt target delineation is a theoretical error in the sense that it deviates from the 

truee (i.e. "correct") target. However, without more information, as provided by func-

tionall  imaging and pathological studies, qualifying, let alone quantifying, this type of 

errorr is very difficult. 

1.33 THESIS OVERVIEW 

Itt is difficult to determine the best treatment technique for a given treatment volume 

sincee the best treatment technique cannot always be known or knowable, a priori. How-

ever,, which available treatment technique is the best for a given treatment volume is 

decidable. . 

Priorr to the introduction of non-uniform beams, the standard beam orientation in 

breastt radiotherapy consisted of two opposing tangential beams, which is (nearly) op-

timaltimal for uniform beams. If we increase the degrees of freedom by allowing non-

uniformm beam profiles such as IMRT, an optimal non-uniform treatment plan at least 

ass good as the optimal uniform treatment plan must necessarily exist. With greater de-

greess of freedom, optimal non-uniform beams provide more conformal target dose 

distributionss than optimal uniform beams. Therefore, optimal non-uniform beams have 

betterr dose distributions and smaller theoretical errors than optimal uniform beams. 

Conceptually,, we can increase the degrees of freedom even more by by allowing non-

standardd off-tangential beam orientations to enlarge the solution space. By applying 

similarr arguments, an optimal oriented non-uniform treatment plan at least as good as 

thee tangentially oriented optimal non-uniform treatment plan must necessarily exist. 

Optimallyy oriented beams allow better conformality of the target dose distribution 

comparedd to tangentially oriented beams and, therefore, smaller theoretical errors. 

Quantifyingg the impact of non-uniform beams on breast cancer radiotherapy, with re-

spectt to normal tissue complication probabilities and normalized target coverage, as 

welll  as determining and quantifying the influence of optimal beam orientations on 

breastt cancer radiotherapy are both subjects of study. 

1.3.11 Tangentia l Unifor m Beams 

Thee typical treatment plan for primary radiotherapy employs two tangentially oriented 

uniformm beams. Generally, the field borders are determined clinically at the time of 

simulationn and the central slice is used to optimize the target dose homogeneity. The 
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treatmentt plan assumes the breast is shaped like a hemicylinder rather than a hemi-

spheree and, therefore, introduces some dosimetric errors due to missing tissue effects. 

Regionss of high dose are found in the breast, tangential to the beam, particularly the 

infra-mammaryy and areolar regions. Wedges are often used as missing tissue compensa-

torss to improve dose homogeneity along the axis of the dose gradient but, because they 

onlyy wedge along a single axis, they cannot completely compensate the breast in both 

directions.. The standard wedged tangential uniform 2-beam treatment technique has 

severall  disadvantages. 

Thee dose calculation used in the standard technique has its limitations. Using the cen-

trall  slice to calculate the dose is not representative of the entire breast. A full three-

dimensionall  dose calculation requires volumetric data from a CT scan. However, imag-

ingg itself introduces a sampling error since the planning position and the treatment po-

sitionn are not necessarily identical. Furthermore, organ movement, such as breathing, as 

welll  as other setup uncertainties, complicates an accurate calculation of dose. 

Uniformm beam techniques are not a good as non-uniform beam techniques. The in-

creasedd degrees of freedom within the non-uniform beam allow finer modulation of 

segmentt intensity, optimizing the compromise between underdosing the target and 

overdosingg the organs at risk. In principle, non-uniform beam techniques are always at 

leastt as good as uniform beam techniques since it can be viewed as a superset of the 

latter.. Awkward volumes of interest, such as when the internal mammary chain is in-

cluded,, are particulady difficult to irradiate with uniform beams due to the potentially 

largee volume of heart within the irradiated field. Therefore, these cases are expected to 

benefitt the most with non-uniform beam techniques. 

Treatmentt evaluation often ignores relevant complications. Fortunately, early stage 

breastt cancer patients receiving primary RT do remarkably well. As a result, there is less 

impetuss to seek technical improvements. In the past, late cardiac mortality was not ex-

plicitlyy considered. In part, this was due to the lack of volumetric data required to cal-

culatee the cardiac dose and uncertainty in the complication risk. More recently, cardio-

vascularr complications are becoming recognized as a significant cause of mortality 

[27,41-44].. Accurate estimation of cardiac risk is difficult due to several confounders 

suchh as long latency period, low incidence and lack of reliable dosimetric, volumetric 

andd outcome data. Nonetheless, given the seriousness of this complication, they should 

nott be ignored when determining treatment merit in patient subsets with large MHDs. 

Tangentiallyy oriented non-uniform beams are sub-optimal for some patients. About a 

quarterr of presenting left-sided breast cancer patients have a MHD greater than 2.0 cm. 

Inn these cases, the standard tangential beam orientation is associated with the overlap-

pingg breast and heart volumes. Due to the penetrating nature of the photons, one can-

nott simultaneously cover the breast and spare the heart with the same segment. Al-
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thoughh tangential uniform beams are nearly optimally directed, they are sub-optimal if 
appliedd to non-uniform beams. A major topic of study is devoted to determining the 
optimall  non-uniform 2-beam orientation is left-sided breast cancer patients with large 
MHDs. . 

Thesee observations provide the rationale for the topics of study. Each individual study 
representss a small improvement in the treatment technique. The ultimate aim of the 
thesiss is the devise a class solution treatment technique to reduce late cardiac complica-
tionss for left-sided breast cancer patients. Incorporating all the improvements together 
intoo a final class solution is the subject of last study of the thesis. 

1.44 AIMS 

Thee aims of the thesis are to improve radiotherapy treatment in breast cancer and can 
bee summarized as follows: 

1.. improving breast radiotherapy by: 

a.. reducing practical errors in: 

i.. dosimetric accuracy, specifically examining the dosimetric influence of 
variantt effects, such as contour changes and tissue inhomogeneities, on 
targett dose-volume histograms. 

b.. reducing theoretical errors in: 

i.. treatment technique, specifically comparing non-uniform against uni-
formm and mixed modality beam techniques irradiating the left breast 
andd upper ipsilateral internal mammary lymph node chain. 

ii .. treatment complication, specifically comparing the reduction in cardiac 
andd pulmonary complications rates between uniform and non-uniform 
beamm techniques. 

iii .. beam orientation, specifically evaluating the difference between uni-
formm and non-uniform beam techniques on the optimal 2-beam orien-
tations. . 

2.. devising a class solution using simplified intensity modulated radiotherapy us-
ingg predefined segment, specifically describing a class solution that is easy to 
implementt clinically with conformal dose distributions to spare heart. 
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CHAPTERR 2 ABSTRACT T 

2.11 ABSTRAC T 

Introduction:Introduction: Understanding setup uncertainty effects on dose distributions is an important clinical 
problemm but difficult to model accurately due to their dependence on tissue inhomogeneities 
andd changes in the surface contour (i.e. variant effects). 

Purpose.Purpose. (1) to evaluate and quantify the invariant and variant effects of setup uncertainties, con-
tourr changes and tissue inhomogeneities on target dose-volume histograms (DVHs); (2) to pro-
posee a method to interpolate variant DVHs. 

MaterialsMaterials and Methods. We present a lung cancer patient to estimate the significance of setup un-
certainties,, contour changes and tissue inhomogeneities in target DVHs. Differential DVHs are 
calculatedd for 15 displacement errors (with respect to the isocenter) using: 1) an invariant shift 
off  the dose distribution at isocenter, 2) a full variant calculation, and 3) a B-spline interpolation 
appliedd to sparsely sampled variant DVHs. The collapsed cone algorithm was used for all dose 
calculations.. Dosimetric differences are quantified with the root mean square (RMS) deviation 
andd the equivalent uniform dose (EUD). To determine setup uncertainty effects, weighted mean 
EUDs,, assuming normally distributed displacement errors, are used. 

Results.Results. The maximum absolute difference and RMS deviation in the integral DVHs' relative 
dosee between: 1) the invariant and calculated curves are 65.2% and 5.8% and, 2) the interpolated 
andd calculated curves are 16.9% and 2.5%. Similarly, the maximum absolute difference and RMS 
deviationn in mean EUD as a function of the setup uncertainty's standard deviation between: 1) 
thee invariant and calculated curves are 0.02 and 0.01 Gy and, 2) the interpolated and calculated 
curvess are 0.01 and 0.006 Gy. 

Conclusions.Conclusions. Since a "worst case" example is selected, we conclude that, in the majority of clinical 
cases,, the variant effects of contour changes, tissue inhomogeneities and setup uncertainties on 
EUDD are negligible. Interpolation is a valid, efficient method to approximate DVHs. 

2.22 INTRODUCTION 

2.2.11 Setup Uncertaintie s 

2.2.1.11 Treatmen t Margins 

Targett volume definition helps to ensure the tumour receives an adequate dose. They 

weree formally introduced by the International Commission on Radiation Units and 

Measurementss (ICRU) and discussed in Report 50 [1] and its supplement [2]. The re-

portt defines several related conceptual target volumes such as the gross target volume 

(GTV),, the clinical target volume (CTV) and the planning target volume (PTV). There-

fore,, if all uncertainties, movements and variations are well characterized and well un-

derstood,, then one can, in principle, define the PTV from only the CTV. 
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Figur ee 2-1. Representative axial CT slices of the clinical example with a gray scale dose wash to represent 
thee dose distribution for a displacement error (5) of 0 cm (A) and a ö=+3.6 cm (from isocenter) for an 
invariantt dose distribution, ignoring the effects of contour changes and tissue inhomogeneities (B), and a 
variantt recalculated dose distribution with the same displacement error (C). The straight lines represent the 
beamm and leaf edges. The multicollimator leafs are tightly conformed to the planning target volume with a 
00 cm margin. The apparent discrepancy in the margins is due to the oblique view of the slice with respect 
too the beam. 

Thee margin between the CTV and PTV is meant to account for all geometric errors 
suchh that there is a high likelihood the CTV receives a sufficient clinical dose. If the 
marginn is too large, then this results in greater normal tissue complications (than neces-
sary)) due to excessive irradiation of the surrounding organs at risk. If the margin is too 
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small,, then this results in poorer outcomes due to inadequate irradiation of the target 

fromm geographical misses. 

Stroomm et al [3] and van Herk et al [4] both have proposed a "margin recipe" where an 

adequatee treatment margin is defined using known random and systematic errors for a 

specifiedd minimum CTV dose for a given proportion of the population. One disadvan-

tagee of population based margins is that they may overestimate the volume of the re-

quiredd PTV if a relatively high population threshold used. The influence of margin 

width,, systematic (preparation) and random (execution) setup uncertainties on biologic 

indicess such as equivalent uniform dose (EUD) and tumor control probability (TCP) 

assumingg an invariant dose distribution have been investigated [5]. 

2.2.1.22 Displacemen t Error s and Setup Uncertaintie s 

Displacementt error and setup uncertainty are distinct but related concepts. Displace-

mentt errors, 5, are analogous to systematic (or preparation) errors and refer to a single 

instancee of a given error. They may be simple (such as translational) or complicated 

(such(such as internal movement, deformational, rotational, shear or a combination thereof). 

Setupp uncertainties, 8SD, are equivalent to random (or execution) errors and are defined 

byy a collection of (potentially unknown) displacement errors with an associated prob-

abilityy distribution. The simplest model assumes that the setup uncertainty is normally 

distributedd and limited to only translational displacements errors [6,7]. In such cases, 

thee setup uncertainty is more conveniently described by its standard deviation. For the 

purposess of this paper, a setup uncertainty of 1 cm implies normally distributed dis-

placementt errors with a standard deviation (SD) of 1 cm (i.e. 8SD=1 cm). The incor-

porationn of non-normally distributed displacement errors, such as the periodic breath-

ingg motion (where the time at exhalation is greater than at inhalation) [8], have also 

beenn studied. 

2.2.22 Invarian t and Varian t Dose Distribution s 

Byy invariant dose distribution, we mean that the dosimetric effects of contour changes 

andd tissue inhomogeneities as a function of the displacement error, 8, are negligible. If 

invariancee is assumed, only one dose distribution is calculated (at 8=0 cm) and it un-

dergoess a rigid body transformation to simulate various displacement errors. The in-

variantt dose-volume histogram (DVH) for a given volume of interest (VOI) can un-

dergoo a "blurring" (i.e. convolution) function rather than a recalculation for different 

setupp uncertainties. This greatly decreases the calculation time. 

Thee major limitation of dose blurring and related methods is the implicit assumption 

thatt the dose distribution remains invariant, independent of contour changes and tissue 

inhomogeneitiess for different displacement errors. For some sites, such as the prostate, 

thiss may be a reasonable approximation since the target volume is centrally located and 
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thee dose distribution is not significantly influenced by changes in the surface contour or 

byy tissue inhomogeneity (with the exception of metallic hip prostheses). 

Otherr sites, however, violate the assumption of an invariant dose distribution. Lung 
primariess are one of the most difficult sites to calculate an accurate dose distribution. 
Thee lower density of the lung and its associated electron disequilibrium influence the 
deliveredd dose compared to the homogeneous situation. Laterally scattered electrons 
travell  farther in less dense media and consequently, increase the beam penumbra. The 
loww isodose surfaces bows out while the high isodose surfaces bow in. As a result, lar-
gerr penumbral margins are needed around the target volume to account for this effect 
(comparedd to the homogeneous situation) [9]. 

Ass Figure 2-1 shows, the assumption of invariance, although convenient, is unrealistic 
inn lung tumors. A displacement error is deliberately introduced by shifting the beam 3.6 
cmm anteromedially from the original isocenter in the transaxial plane, perpendicular to 
thee central beam axis. Figure 2-IB is a simple translational displacement of the original 
referencee dose distribution (i.e. invariant) while Figure 2-1C recalculates the dose distri-
butionn for the new beam orientation (i.e. variant). The DVHs of the CTV between the 
invariantt and variant situations are approximately the same for small displacement er-
rorss but will tend to diverge for larger displacement errors as variant effects become 
moree important. Displacement errors will affect the DVH and the main cause of do-
simetricc differences between different displacement errors is attributable to the shift in 
thee dose distribution (which is exactly what happens with an invariant shift). However, 
theree is a smaller second order variant effect attributable to tissue inhomogeneity and 
contourr changes as well. Different dose calculation algorithms correct for these variant 
effectss differently. Hence, the results will , in part, depend on the dose calculation algo-
rithmm used. 

Variantt effects pose several technical difficulties. Sophisticated dose algorithms, such as 
Montee Carlo [10] or collapsed cone [11-13], are needed to accurately model the variant 
effectss of tissue inhomogeneity but they are substantially slower. In some cases, tissue 
inhomogeneityy can significantly influence the dose and up to a 20% deviation in ab-
sorbedd dose in lung tumors irradiated with small fields between different inhomogene-
ityy correction algorithms is possible [14,15]. In a paper by Xing et al [16], a method is 
describedd to separate and quantify the individual dosimetric effects of these errors and 
uncertainties. . 

Perhapss the simplest way to incorporate variant effects into the dose calculation is a 

"brutee force" approach. The variant dose distribution is laboriously recalculated for 

eachh displacement error but this proves impractical for routine use. An accurate model-

lingg of setup uncertainty effects requires a large number of dose calculations corre-

39 9 



CHAPTERR 2 PURPOSE E 

spondingg to many different displacement errors to achieve reasonable statistical accu-

racyy [17,18]. 

2.33 PURPOSE 

Thee primary purpose of this paper is to quantify the influence and significance of the 

variantt effects of contour changes and tissue inhomogeneities with respect to setup 

uncertaintiess between target dose-volume histograms (DVHs) by comparing both the 

invariantt and variant situations. 

Thee secondary purpose is to describe and verify an interpolation method to address the 

problemm of the prohibitive number of recalculations required for variant setup uncer-

tainties. . 

2.44 MATERIAL S AND METHODS 

2.4.11 Clinica l Patien t 

AA lung cancer patient was selected as the test case having the steep contour changes 

andd a significant amount of tissue inhomogeneity found inside the irradiated field. To 

exaggeratee the variant effects, only a single right anterior oblique beam is planned. The 

patientt is CT scanned (GE Medical Systems, Waukesha, WI, USA) with 5 mm thick 

slicess in the supine position to include all visible lung. Volumes of interest, namely the 

GTV,, CTV, PTV and external contour, are delineated on the treatment planning system. 

Thee GTV is defined as all visible tumor on the standard CT window settings and de-

lineatedd by an experienced staff radiation oncologist. The CTV is defined as the GTV 

withh a 0 cm margin. A 0.5 cm margin is added isotropically around the CTV to generate 

thee PTV Such a small margin would generally not be used clinically in the treatment of 

lungg primaries but was deliberately chosen here to exaggerate the variant effects. 

2.4.22 Treatmen t Plannin g 

Wee used a three-dimensional treatment planning system (PINNACLE v. 6.0g, ADAC 

Laboratories,, Milpitas, CA, USA) with a collapsed cone dose algorithm to accurately 

modell  the effects of heterogeneous media [11]. The dose grid resolution is 2x2x2 mm3 

andd the calculation dose grid dimensions are 205x159x159 voxels centered on the tar-

get. . 

Thee test patient is treated using 8 MV photons and the beam aperture is automatically 

shapedd with multileaf collimators set to conform tightly around the PTV with a 0.6 cm 

penumbraa margin using beam's-eye view to ensure the PTV receives at least 95% of the 

prescribedd dose (Figure 2-1). No other beam modifying devices are used. The pre-

scribedd number of monitor units is kept constant for every displacement error at 516 

monitorr units per beam. 
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2.4.2.11 Displacemen t Error s 

Differentt displacement errors are simulated by shifting the isocenter in the transaxial 
planee perpendicular to the central beam axis with the same beam parameters. The dose 
distributionn is recalculated with the collapsed cone dose calculation algorithm for 15 
displacementt errors , , , , , , , and 0 cm). The differ-
entiall  DVH (dDVH) of the CTV is determined for each displacement error. This set 
off  dDVHs is called dDVH calc and represents the "true" variant calculated DVHs. 

Thee invariant dDVHs are determined by calculating the dose distribution at 5=0 cm 
andd shifting it in exactly the same direction and magnitude as the isocenter shifts de-
scribedd above for dDVH calc. The CTVs dDVH for each displacement is calculated 
(forr a total of 15 dDVHs). Obviously, dDVH calc at 5=0 and dDVH invar at 5=0 cm 
aree identical. This set is called dDVH invar and represents the resulting DVHs when 
thee dose distribution is assumed to be invariant to translational displacements, ignoring 
thee effects of contour changes and tissue inhomogeneities. 

2.4.2.22 Setup Uncertaintie s 

Thee effect of setup uncertainties is derived analytically from the displacement errors. 
Setupp uncertainties are assumed to be random and normally distributed. Therefore, the 
dDVHH for displacement errors at least within 2 SD of the setup uncertainty is neces-
saryy to calculate the setup uncertainty effect (to include approximately 95% of all the 
possiblee displacement errors). If the dDVH as a function of 5 is known, then one can 
derivee other clinically relevant parameters such as tumor control probability (TCP) and 
equivalentt uniform dose (EUD) as a function of 5. The effect of a given setup uncer-
tainty,, 5SD, on EUD is determined by generating a set of normally distributed 5 with a 
meann of 0 cm and a SD equal to 8SD. The EUDs for all these different displacement 
errorss are then averaged together. By repeating die process for different SDs, the rela-
tionshipp between EUD as a function of 5SD can then be derived. Because EUD, as a 
functionn of dDVH, is non-linear, individual dDVHs cannot be simply averaged to-
getherr to calculate the overall treatment EUD. It is also worth noting that the mean 
EUDD is a population averaged EUD and represents the average from either an infinite 
numberr of treatment fractions or an infinite number of finite-fractioned courses of 
treatment.. The EUD for any finite fractioned course of treatment may deviate from the 
averagee EUD and from any EUD for any single 5. However, for fractionation sched-
uless larger than 15 fractions, the expected difference between the mean sample EUD 
andd the mean population EUD is negligible. 

Thee statistical accuracy depends on the number of displacement errors used to repre-
sentt a given setup uncertainty. Obviously the greater the number of displacement er-
rorss used, the more accurate the approximation becomes. The 15 dDVHs calculated for 
thee discrete displacement errors above is inadequate due to the inaccuracies associated 
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withh such a small number of displacement errors. Furthermore, these inaccuracies are 

exacerbatedd for small SD since the number of usable dDVH calc curves is less than 15. 

Forr example, if SSD=0.5 cm then approximately 95% of the normally distributed 8 

wil ll  be between -1 cm and +1 cm. However, we only have 7 calculated dDVHs (at 

,, , , and 0 cm) that are within the range of 1 cm. 

Thee accuracy can be improved by obtaining dDVHs at even smaller displacements, say 
inn 0.1 cm increments, but at a cost of more dose distributions calculations for more 
displacementt errors. The time required to calculate the variant dose distribution for 21 
displacementt errors is greater than 30 hours. Ideally, we would like to know the dDVH 
forr the invariant and variant situations at any arbitrary 8 and, at the same time, avoid the 
timee consuming process of recalculation. 

Wee propose a method to interpolate the dDVH at any arbitrary displacement error. 
Invariantt dDVHs are generated by interpolating between dDVH invar and variant 
dDVHs,, by interpolating between dDVH calc. Only setup uncertainties along a single 
axiss are investigated to simplify calculations and to allow easier visualization of the data 
sincee the resulting interpolant is a simple surface (and not a hypersurface). 

Withh interpolation, it is relatively easy to calculate the EUD as a function of SSD Sev-
enty-threee dDVHs for both the invariant and variant dose distributions are interpolated 
fromm -3.6 cm to +3.6 cm in 0.1 cm increments. Once the corresponding EUDs are cal-
culated,, one can obtain the EUD directly as a function of 8. Since this curve is simple 
andd continuous, it can also be interpolated. This second interpolation allows one to find 
thee EUD for any arbitrary 8 (between -3.6 cm and +3.6 cm) without having to deter-
minee the new dDVH each time. 

I tt also provides a method of estimating the EUD for the dDVH calc curves. Because 
thee dDVH calc consists of only 15 curves, only 15 EUDs (corresponding to their dis-
placementt errors) are known. By interpolating these 15 input data points, one can esti-
matee the EUD for the "true" variant dose distribution (i.e. calculated) as a function of 
displacementt error. Details of the interpolation method follow. 

2.4.33 Interpolatio n 

Interpolationn is a useful tool to minimize work. As an analogy, we can use cartoon ani-
mationn to illustrate the general principles. "Extremes" and "inbetweens" were used to 
increasee workload efficiency. A skilled animator would draw only the "extremes" or 
keyframess in a scene. The celluloid would then be sent to less skilled animators who 
wouldd animate (or interpolate) the frames in between the keyframes (hence, ïnbetween-
ing). . 

Inn much the same manner, reference "keyframe" differential DVHs (dDVHs) can be 
calculatedd and "in between" dDVHs can be interpolated. The accuracy of the interpo-
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lationn is dependent on several factors: the accuracy of the input reference data, the be-

haviourr of the input reference data as a function of the input variables and the appro-

priatenesss of the interpolating method. 

Thee accuracy of the calculated input reference data is dependent on the dose calcula-

tionn algorithm. In all treatment planning systems, there is a trade-off between dose ac-

curacyy and computational speed. More complicated algorithms require more time to 

calculatee more accurate dose distributions. If inaccurate data is used for the interpola-

tion,, then the resulting interpolant will be inaccurate as well. 

Interpolationn works best for mathematically well-behaved input reference data. By this, 

wee mean the known input values describe a (hyper-)surface that is smooth, simple and 

continuous.. This assumption is valid as long as the voxels (and its associated dose grid) 

andd the magnitude of the isocenter displacement are kept reasonably small. The calcu-

latedd dDVH will have less noise and less partial volume effect with smaller voxels and a 

finerr dose grid, resulting in a smoother curve. 

Manyy different methods of interpolation exist. The appropriateness of a given method 

dependss on the required precision of the approximation as well as the relative speed of 

thee interpolation. For this study, a cubic spline interpolating function is used. The pri-

maryy assumption of well-behaved input data is that they describe a smooth (hyper-

)surface.. Splines are advantageous in that both the first and second derivatives of the 

interpolantt are continuous and smooth. 

2.4.3.11 Multileve l B-splin e Function s 

Thee method described by Lee et al [19] uses multilevel B-spline functions to interpolate 

scatteredd data. The paper focuses primarily on three dimensional (3D) data points but 

thee technique is easily extensible to any set of multi-dimensional data. Scattered data 

pointss can be used as input and the degree of precision in the approximation can be 

adjustedd by changing the number of lattice iterations and/or the size of the control 

lattice. . 

Conceptually,, every data point defines a point on a surface or a hypersurface (for points 

withh a dimensionality greater than 3). Each point is assumed to have exactly one de-

pendentt variable (in the case of DVHs, the relative volume) and at least one independ-

entt variable (such as the relative dose and/or displacement error). The B-spline takes 

thesee scattered input points and creates a control lattice. The control lattice has the 

samee number of dimensions as the number of independent variables but can be con-

sideredd dimensionless. This lattice can then be used to find the dependent value of any 

arbitraryy set of independent values (within the boundaries of the lattice). 
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Figuree 2-2. B-spline interpolation and the effects of the number of iterations (iter) and lattice size (latsz) 
onn the interpolant using the 5 input data points (xy,$: (0,0,2), (1,1,1), (1,-1,1), (-1,1,1), and (-1,-1,1). In-
creasingg the number of iterations reduces the residual error between the interpolant and the input data. 
Increasingg the initial lattice size decreases the "stiffness" of the interpolant surface. 

Figuree 2-2 illustrates how the locality and precision of the interpolation is dependent 
onn the lattice size and number of iterations. The lattice size controls the range of influ-
encee of the input data and is related to the deformability or "stiffness" of the interpo-
lantt surface. For small lattice sizes (Figure 2-2A), the interpolant can be considered as a 
stifff  surface. For large lattice sizes (Figure 2-2F), it can be considered elastic with highly 
locall  effects from the input data. 

Withh each iteration, the lattice size is doubled in all dimensions and the interpolation 
reducess the residual error between the input data and the interpolant. The residual error 
off  the interpolant will tend towards zero at those points that correspond to the input 
referencee data. Because we assume the input data is smooth, simple and continuous, 

44 4 



SECTIONN 2.4 MATERIAL SS AND METHODS 

smalll  initial lattice sizes and numerous iterations are preferred. By minimizing the area 
off  the (hyper-)surface of the interpolant fitted through the scattered input data, we en-
suree the interpolant is as smooth and simple as possible. A full description of multilevel 
B-spliness is beyond the scope of this paper and the reader is referred to the original 
paperr [19] for further details. 

2.4.3.22 Implementatio n 

Thee B-spline interpolating function is implemented within MATLAB v.6.0.0.88 Release 
122 (The Math Works Inc., Natick, MA, USA) on a 350 MHz Pentium III personal com-
puterr with 512 MB of RAM. 

Alll  the interpolations are iterated 8 times between an initial starting lattice size of [5 x 
1]]  and a final lattice size of [1280 x 256]. Because a Gaussian setup uncertainty is as-
sumed,, the dDVHs curves with the highest probability will be closest to 8=0 cm. The 
referencee input dDVHs used for the interpolation are non-equally spaced, clustered 
aroundd 8=0 cm, to minimize their number. 

Thee input reference data used for the interpolation consists of 7 dDVH curves (at 
,, , 6 and 0 cm from dDVH calc). Afterwards, 15 dDVH curves with 

identicall  displacements as dDVH calc are interpolated for comparison. This set is called 
dDVHH interp and represents an interpolated version of dDVH calc. A perfect interpo-
lationn would have identical dDVH interp and dDVH calc at every displacement error. 

2.4.44 Evaluatio n and Analysi s 

Thee dDVH calc, as calculated using the collapsed cone dose algorithm, is assumed to 
bee the "true" dose. It is compared to the invariant dDVHs in order to quantify the 
magnitudee of the variant effects. It is also compared to the interpolated dDVHs to de-
terminee the accuracy and precision of the interpolation. To measure the differences, the 
roott mean square (RMS) of the differences in relative volume (i.e. dDVH interp-dDVH 
calc)) quantifies the overall accuracy of interpolation and the maximum absolute differ-
encee quantifies the upper limit of the interpolation's accuracy. 

Anotherr metric used is the equivalent uniform dose (EUD) which estimates the bio-
logicc effect due to dose inhomogeneity [20]. The same concept can be used to quantify 
thee effect of differences in the dDVH curves for different displacement errors and 
setupp uncertainties. We adopt a reference dose per fraction of 2 Gy, a surviving fraction 
att 2 Gy of 0.5, and an a-value of 0.35 Gy1. A homogeneous clonogenic tumour den-
sityy is assumed in all cases. The dose is normalized to ensure the EUD is approximately 
22 Gy at 8=0 cm (actually 2.03 Gy). 

Thee EUD as a function of displacement error is calculated by interpolating 73 dDVHs 
fromm -3.6 to +3.6 cm in 0.1 cm increments and determining the EUD for each dis-
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placementt error. The EUD as a function of setup uncertainty SD, as discussed in Sec-

tionn 2.4.2.2, is calculated by generating 105 different displacement errors that are nor-

mallyy distributed with a standard deviation equal to the setup uncertainly SD. dDVHs 

forr these displacement errors are interpolated and the corresponding EUD is then cal-

culatedd and averaged. Because the displacement error ranges from -3.6 to +3.6 cm, only 

thee setup uncertainties from 0 to 1.8 cm (i.e. 2 SD=3.6 cm) in 0.1 cm increments are 

calculated. . 

2.55 RESULTS 

dDVHH invar vs. f> 

(dDVHH invar-dDVH catc) vs <5 

33 Displacement (cm) 

Figuree 2-3. A plot of the planning target volume's differential dose-volume histogram (dDVH) curves as a 

functionn of displacement error (8) assuming an invariant dose distribution (A, dDVH invar) as well as the 

differencee (B, dDVH invar-dDVHcalc) between the invariant and calculated dDVH curves. 
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Tablee 2-1. The maximum absolute differences (DIFF) and root mean square (RMS) deviations between the 
invariantt (invar) and interpolated (interp) dose-volume histograms compared to the calculated dose-volume 
histogramss for different displacement errors (DISP). TWO types of dose-volume histograms are shown: the 
differentiall  dose-volume histograms (dDVHs), and the integral dose-volume histograms (LDVHs). Al l val-
uess are given in percent of relative dose (% DOSE) or relative volume (% VOL), depending on the histo-
gram.. The differences converge to zero at 8=0 cm for all histograms. Under the interp columns, zeros are 
foundd at the displacement errors corresponding to the reference input dDVHs used for the interpolation 
(att , , , and 0 cm). 

DISP P 

(CM) ) 

-3.6 6 

-2.4 4 

-1.5 5 

-1.2 2 

-0.9 9 

-0.6 6 

-0.3 3 

0.0 0 

0.3 3 

0.6 6 

0.9 9 

1.2 2 

1.5 5 

2.4 4 

3.6 6 

dDVHH (% VOL) 

DIFF F RMS S 

iDVHH (%VOL) 

DIFF F RMS S 

iDVHH (% DOSE) 

DIFF F RMS S 

INVARR INTERP INVAR INTERP INVAR INTERP INVAR INTERP INVAR INTERP INVAR INTERP 

2.01 1 

0.85 5 

0.60 0 

0.60 0 

0.56 6 

0.35 5 

0.19 9 

0.00 0 

0.11 1 

0.44 4 

0.30 0 

0.36 6 

0.44 4 

0.73 3 

1.46 6 

0.00 0 

0.60 0 

0.00 0 

0.11 1 

0.07 7 

0.00 0 

0.04 4 

0.00 0 

0.06 6 

0.00 0 

0.10 0 

0.12 2 

0.00 0 

0.52 2 

0.00 0 

0.27 7 

0.22 2 

0.16 6 

0.13 3 

0.10 0 

0.07 7 

0.03 3 

0.00 0 

0.02 2 

0.11 1 

0.08 8 

0.11 1 

0.13 3 

0.19 9 

0.20 0 

0.00 0 

0.10 0 

0.00 0 

0.02 2 

0.02 2 

0.00 0 

0.01 1 

0.00 0 

0.01 1 

0.00 0 

0.02 2 

0.02 2 

0.00 0 

0.07 7 

0.00 0 

15.63 3 

15.49 9 

10.65 5 

8.12 2 

6.45 5 

4.29 9 

2.33 3 

0.00 0 

2.26 6 

11.15 5 

9.04 4 

12.34 4 

14.71 1 

20.13 3 

16.72 2 

0.00 0 

4.33 3 

0.00 0 

1.50 0 

1.28 8 

0.00 0 

0.65 5 

0.00 0 

0.45 5 

0.00 0 

1.23 3 

0.64 4 

0.00 0 

3.80 0 

0.00 0 

5.98 8 

5.85 5 

3.78 8 

2.95 5 

2.29 9 

1.56 6 

0.81 1 

0.00 0 

0.70 0 

3.27 7 

2.70 0 

4.03 3 

5.10 0 

7.60 0 

6.44 4 

0.00 0 

1.41 1 

0.00 0 

0.69 9 

0.46 6 

0.00 0 

0.31 1 

0.00 0 

0.28 8 

0.00 0 

0.50 0 

0.39 9 

0.00 0 

1.65 5 

0.00 0 

9.39 9 

9.62 2 

7.65 5 

5.62 2 

3.84 4 

3.92 2 

2.87 7 

0.00 0 

0.82 2 

65.16 6 

2.31 1 

4.18 8 

4.04 4 

7.83 3 

9.69 9 

0.00 0 

3.23 3 

0.00 0 

9.00 0 

10.88 8 

0.00 0 

16.90 0 

0.00 0 

0.97 7 

0.00 0 

9.51 1 

8.08 8 

0.00 0 

7.37 7 

0.00 0 

5.22 2 

4.97 7 

3.21 1 

2.39 9 

1.52 2 

0.93 3 

0.47 7 

0.00 0 

0.38 8 

5.04 4 

1.50 0 

2.44 4 

3.10 0 

5.45 5 

5.75 5 

0.00 0 

0.99 9 

0.00 0 

2.53 3 

1.89 9 

0.00 0 

1.59 9 

0.00 0 

0.13 3 

0.00 0 

1.43 3 

1.61 1 

0.00 0 

2.30 0 

0.00 0 
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dDVHH calc vs. S 

dDVHH interp vs ö 

(dDVHH (MBrp-dDVH calc) vs Ö 

Figur ee 2-4. A plot of the planning target volume's differential dose-volume histograms (dDVHs) as a 
functionn of displacement error (8) for: (A) the calculated dDVHs (dDVH calc), (B) the interpolated 
dDVHss (dDVH interp) and (C) the difference (dDVH interp-dDVH calc). The dDVH interp is plotted 
forr 8 from -3.6 to +3.6 cm in 0.1 cm increments. The other curves, dDVH calc and dDVH interp-dDVH 
calc,, are plotted for 8=+3.6, , , , +0.9, , , and 0 cm. Note the waterfall plot axes 
shownn in Figure 2-4C are reversed. Because the plot is floating, the corner closest to the viewer at dose=0 
%% corresponds to 8=-3.6 cm. 
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Thee RMS deviation quantifies these differences. Table 2-1 lists the RMS difference be-
tweenn dDVH invar and dDVH calc (i.e. dDVH invar-dDVH calc) and dDVH interp 
andd dDVH calc (i.e. dDVH interp-dDVH calc) as a function of displacement error. 
Thee interpolated variant dDVHs (compared to the invariant dDVHs) better approxi-
matess the calculated variant dDVHs. The deviations increase with increasing displace-
ments. . 

2.5.11 Invarian t Dose Distribution s 

Figuree 2-3A shows the invariant dDVHs of the CTV (dDVH invar). The most promi-
nentt difference between the invariant and the calculated dDVHs is seen in the low dose 
binss at 5=-3.6 cm. Figure 2-3B plots the differences (i.e. dDVH invar-dDVH calc) and 
highlightss the differences particularly in the low dose bins at the displacement errors' 
extremes.. The differences converge at 5=0 cm since the curve is identical for both 
dDVHH calc and dDVH invar. Further away from 8=0 cm, the differences become more 
prominent. . 

2.5.22 Variant Dose Distribution s 

Thee maximum absolute difference in relative volume between the interpolated and cal-
culatedd curves for the differential and integral variant DVHs over the range of dis-
placementss investigated is 0.6% and 4.3% (both at 8=-2.4 cm). The maximum absolute 
differencee and RMS deviation in relative dose between the interpolated and calculated 
curvess for the integral DVHs (iDVHs) over the range of displacements investigated is 
16.9%% and 2.5% at 8=-0.3 cm and -1.2 cm, respectively (see Section 2.10). The relative 
dosee is read perpendicular from volume axis, parallel to the dose axis of the iDVH. 

Thee maximum absolute difference in relative volume between the invariant and calcu-
latedd curves for the dDVHs and iDVHs over the range of displacements investigated is 
2.0%% and 20.1% at 8—3.6 and +2.4 cm, respectively (Figure 2-4). The maximum abso-
lutee difference and RMS deviation in relative dose between the invariant and calculated 
curvess for the iDVHs over the range of displacements investigated is 65.2% and 5.8% 
att 8=+0.6 cm and +3.6 cm, respectively. The differences in the integral DVHs are lar-
gerr since the differences are cumulative (Table 2-1). 
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EUDD vs. 5 

EUDD vs. «so 

I f .. r 

2.05 5 

(b)) 8so (an) 

Figur ee 2-5. A plot of the planning target volume's equivalent uniform dose (EUD) for the invariant (dot-
tedd line), variant (solid line) and calculated ('X') differential dose-volume histograms (dDVHs) as a function 
of:: (A) displacement error (5) and (B) setup uncertainty standard deviation (8SD). Only 15 calculated EUD 
pointss are plotted in Figure 2-5A since only 15 variant dDVHs were calculated. A reference dose per frac-
tionn of 2 Gy, a survival fraction at 2 Gy of 0.5, an a of 0.35 Gy4, and a homogeneous clonogen density is 
assumed. . 

2.5.33 Equivalen t Unifor m Dose 

Thee EUD as a function of displacement error and setup uncertainty are calculated to 

estimatee their biologic effect. The maximum EUD for Figure 2-5 is 2.03 Gy. Seventy-
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threee dDVH invar and dDVH interp curves are interpolated from -3.6 cm to +3.6 cm 
inn 0.1 cm increments and their respective EUDs are calculated and plotted in Figure 
2-5A.. In contrast, only 15 dDVH calc curves are available so only 15 EUD points are 
plotted.. The maximum absolute difference in EUD for invar and interp compared to 
calcc is 0.13 and 0.05 Gy both at S=+2.4 cm, respectively. The RMS of their differences 
iss 0.06 and 0.02 Gy. 

Figuree 2-5B plots the relationship between EUD invar, EUD interp and EUD calc as a 
functionn of setup uncertainty. The maximum absolute difference in EUD for invar and 
interpp compared to calc is 0.02 and 0.01 Gy (or 1.0 and 0.5% of the maximum EUD) at 
SD=1.66 and 1.8 cm respectively. The RMS of these differences is 0.01 and 0.006 Gy. 

Besidess the EUD, we also compared the mean, maximum and minimum dose and 
foundd that the corresponding errors for these dose parameters are very small. 

2.66 DISCUSSION 

2.6.11 Validit y 

2.6.1.11 Appropriatenes s of the Clinica l Exampl e 

Thee treatment plan of the clinical example is purposely made suboptimal. There are 
severall  reasons why the clinical lung patient presented is a "worst case" example. First, 
thee treatment uses only a single beam. In multiple beam arrangements, the other beams 
willl  tend to compensate for the dosimetric differences from contour changes and tissue 
inhomogeneities,, lessening their effects. 

Secondly,, the margins defined around the target are very tight. The margin width be-
tweenn the CTV and PTV is 0.5 cm, which is smaller than what is typically used at our 
institution.. Thus, any displacement error greater than 0.5 cm will have a significant det-
rimentall  effect on the DVH of the CTV. 

Thirdly,, this example represents a patient with a relatively small target volume. The 
maximumm dimensions of the PTV, as seen in beam's eye view, are 7.3 cm by 7.6 cm. 
Smallerr target areas will tend to exaggerate the dosimetric differences in the DVH for a 
givenn displacement error. 

Fourthly,, the beam direction that was selected maximizes the effects of contour 
changess and tissue inhomogeneities. Suppose the beam is oriented along the right lat-
erall  direction. If the beam is displaced posteriorly, then die increased attenuation of the 
beamm from the contour changes is partially offset by the decreased attenuation from the 
greaterr amount of lung tissue in the field. If, however, the beam approaches the target 
fromm the right anterior oblique direction, then the contour changes and tissue inho-
mogeneitiess do not compensate each other and their effects are additive. Fifthly, the 
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appliedd displacement errors are calculated up to 3.6 cm, which is larger than what is 

typicallyy seen in real clinical patients. 

Lastlyy the EUD as a function of setup uncertainty is calculated as a weighted average 
off  dDVHs and their corresponding EUDs. This will tend to underestimate the "true" 
EUDD as determined by the cumulative voxel dose inside the CTV as a function of the 
setupp uncertainty. Strictly speaking, since the relationship between the EUD and setup 
uncertaintyy is not linear, a simple average should not be used. EUDs, as calculated from 
thee dDVHs, ignore spatial information of individual voxels. Using our I D example, 
withoutt loss of generality for higher dimensions, it is apparent that relatively large dis-
placementt errors will result in the relative underdosage of the CTV. However, all else 
beingg equal, the positive and negative displacement errors will tend to underdose differ-
entt volumes of die CTV such diat the overall cumulative dose will be higher than oth-
erwisee expected. Consequently, the EUD calculated from the cumulative dose as a func-
tionn of the setup uncertainty will tend to be greater than the EUD calculated as a 
weightedd average of dDVHs and their corresponding EUDs. As we are using a "worst-
case""  example, this is not a significant difficulty. This, however, highlights some of the 
potentiall  problems encountered if one is unaware of the limitations of dDVHs. 

S=+22 4 cm «=+0.3 cm 

Figur ee 2-6. A plot of the planning target volume's differential dose-volume histogram (dDVH) curves 
comparingg the calculated (solid line) and the interpolated (dotted line) curves at a displacement error (8) of 
+2.44 cm (A) and +0.3 cm (B). 

2.6.1.22 Accurac y 

Figuree 2-4A-B show the interpolated dDVH (dDVH interp) surface using only 7 input 
referencee dDVHs from , , 6 and 0 cm. With the interpolation, it is possible 
too obtain dDVHs at any arbitrary displacement error and Figure 2-4B shows dDVHs in 
0.11 cm increments. To verify the overall accuracy of the interpolant, the collapsed cone 
algorithmm calculated the "true" dDVH (dDVH calc) at 15 displacement errors , 

,, , , , , , and 0 cm). The differences between the correspond-
ingg displacement errors (i.e. dDVH interp-dDVHcalc) are plotted on Figure 2-4C The 
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differencee between the curves converges to zero at the displacements that correspond 
too the input reference data at , , 6 and 0 cm. This is a function of the 
numberr of iterations and is a property of the interpolation method itself. Visual inspec-
tionn reveals the largest differences between the interpolated and calculated curves are 
foundd at 4 cm. 

Althoughh the differences appear large in this figure, they are relatively small when 
examiningg the dDVH curves individually. Figure 2-6compares the interpolated and the 
calculatedd dDVHs for 8=+2.4 cm and +0.3 cm to demonstrate visually how the accu-
racyy of the interpolant is affected by the distance between the input reference dDVHs. 
Thee interpolated curve at 5=+2.4 cm is primarily a function of the input dDVHs at 
8=+3.66 and +1.5 cm while the interpolated curve at 8=0.3 cm mainly uses the refer-
encee dDVHs at 8=0 and +0.6 cm. 

Wee expect the interpolant to be less accurate between input reference dDVHs that are 
fartherr apart. For example, the interpolated dDVH curve at 8=+2.4 cm primarily relies 
onn the input dDVH curves at 6 cm and 5 cm. The assumption of smoothness 
betweenn these input dDVHs is only partially correct and therefore adds to the inaccu-
racyy of the interpolant. In this case, the assumption of smoothness between input 
dDVHH curves is valid when the displacements are less than the PTV margin (i.e. <0.5 
cm).. Any displacement less than 0.5 cm would result in a dDVH very similar to the 
originall  dDVH. That does not imply the input reference dDVHs must be in increments 
off  0.5 cm or less. 

Althoughh the optimal number and spacing of the reference input dDVHs are not spe-
cificallyy investigated, the staggered, non-equidistant displacements used for the interpo-
lationn will tend to minimize the number of input reference dDVHs required for a rea-
sonablyy accurate interpolant. The probability density for the setup uncertainties is cen-
teredd around the mean (8=0 cm) with a given standard deviation. When calculating the 
averagee EUD for a given setup uncertainty, the most accurate interpolated dDVHs will 
bee found where the input reference dDVHS are closest together (i.e. 8=0 cm). 

Onlyy a ID displacement error (and not a true 3D displacement error) is studied and 
onee could argue the results will tend to underestimate the real dosimetric effects. How-
ever,, given all the "worst case" conditions described above, it seems unlikely that a full 
3DD displacement error interpolation would materially affect the results and conclusions, 
particuladyy if more realistic setup uncertainties are kept in mind (i.e. SD<1 cm). The 
variantt effect of contour changes and tissue inhomogeneities is most significant in the 
displacementt direction selected. Even with a full 3D displacement implementation, 
movingg the isocenter along the superficial-deep direction is primarily dependent on the 
inversee square law and is not highly dependent on tissue inhomogeneity and contour 
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changes.. Similarly, moving the isocenter along the superior-inferior direction is not as 

dependentt on variant effects since the long axis of the thorax is cylindrical in shape. 

Too verify a 2D displacement error with a similar spacing used in this ID displacement 

errorr would require approximately 225 dDVH calc curves (15 dDVH calc curves 

squared).. The recalculation of 225 dose distributions is impractical due to the prohibi-

tivelyy long computation time required. In principle, however, the interpolation for 2-(or 

more)) D displacement errors should be as accurate as the I D displacement errors as 

longg as the input reference data are similarly smooth. 

Too interpolate displacement errors in 3D, 3D reference dDVHs are required. For ex-

ample,, one could use isocenter shifts at ) and (0,0,0). These 9 reference 

dDVHss would take approximately 13 hours to calculate (using a similar dose grid as this 

study).. The calculation time required is long but determining the effect of variant 3D 

setupp uncertainties accurately, by any other means, will likely take substantially longer to 

calculate. . 

Thee largest RMS difference in relative dose between the interp and calc iDVH is 2.5% 

withh a maximum absolute difference of 16.9%. The large absolute difference is from 

thee relatively flat portion that corresponds with the steep gradient region of the dose 

distributionn of the DVH curve. These numbers compare favourably to the recom-

mendedd relative dose tolerance of 2-4% for the low dose gradient and up to 15% for 

steepp dose gradient regions [21]. We conclude that the interpolated dDVHs accurately 

approximatee the "true" variant calculated dDVHs with respect to displacement error, 

givenn the number and spacing of the input reference dDVHs used. In comparison, the 

largestt RMS difference and maximum absolute difference in relative dose between the 

invarr and calc iDVH is 5.5% and 65.2% respectively which is outside the recommended 

relativee dose tolerance. The application and validity of such recommendations are 

elaboratedd in the Appendix. 

Clearly,, the accuracy of the interpolation can be improved by using more input refer-

encee dDVHs spaced closer together but in the interest of efficiency, the lowest number 

off  reference dDVHs that yields an acceptably accurate interpolation is preferred. 

2.6.22 Efficienc y 

Too assess how computationally efficient interpolation is compared to a straight recalcu-

lation,, one can examine and compare the calculation time between the two methods. In 

dDVHH calc, 15 dose distributions are required, consuming approximately 22 hours of 

dedicatedd calculation time. In contrast, dDVH interp requires 7 input reference curves 

thatt took almost 10 hours to calculate. These 7 dDVHs are then used for the interpola-

tionn and approximately 6.2 minutes is required to generate a control lattice. It takes less 

thann 1 minute to interpolate the corresponding 15 dDVH curves. On the basis of these 
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timee figures, interpolating is about 2 times more computationally efficient than recalcu-

lation. . 

However,, once the control lattice is created, then one can find the dDVH for any arbi-

traryy displacement within the lattice boundary. Approximately 82 minutes are required 

too interpolate 106 dDVH points (or about 1 200 interpolation points per minute). This 

translatess to 0.08 minutes per dDVH curve for the interpolation (ignoring the time re-

quiredd to calculate the input reference dDVHs) compared to 88 minutes per dDVH 

curvee for recalculation using the collapsed cone dose algorithm. Thus, interpolation is 

moree than 1 000 times faster than recalculation in this example. It can be made even 

fasterr if larger dose bins are used and if the MATLAB code is more rigorously opti-

mized. . 

Thee gain in relative computational efficiency using the interpolation compared to recal-

culationn is related to: the dose calculation algorithm, the number of input reference 

dDVHss and the number of interpolated points required. Very sophisticated, time-

consumingg dose calculation algorithms applying Monte Carlo simulations would benefit 

thee most from interpolation. However, when a choice needs to be made between accu-

racyy and speed, interpolation may provide a workable compromise. 

Althoughh 7 input dDVHs were used for the interpolation, in more realistic clinical 

situations,, displacement errors greater than 3.6 cm are unlikely to occur. The practical 

rangee of setup uncertainties is patient and site specific but the vast majority of cases 

wouldd be limited to much less than 1.8 cm. In a review by Hurkmans et al [22], the 

statedd achievable setup uncertainty (1 SD) for lung tumors is less than 3.5 mm. If a 

similarr spacing is used, then only 3 input dDVHs (e.g. , 0 cm) would be required 

too cover 2 SD (2x3.5 mm). However, this 3.5 mm SD is the best achievable setup un-

certaintyy so it likely underestimates the typical setup uncertainty found in actual prac-

tice.tice. A more prudent approach would be to use more than 2 SD. 

2.6.33 Clinica l Relevanc e 

Oncee the dosimetric differences between the invariant and variant situations have been 

quantified,, the question of clinical relevance naturally arises. Clearly there are differ-

encess (as demonstrated by the RMS deviation) but what effect, if any, might it have on 

outcome?? To answer this, the EUD can be used as a rough estimate of differing bio-

logicc effects from an inhomogeneous dose distribution. The EUD has been criticized 

forr being unrealistic and an overly simplistic approach [23,24]. Nonetheless, the EUD 

remainss a useful measure when comparing inhomogeneous dose distributions and is 

moree robust to parameter uncertainty than TCP. 

Inn our analysis, we determine the EUD for different displacement errors and the mean 

EUDD for setup uncertainties. The divergence of these curves represents the true vari-
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antt effect on EUD. Patient specific factors such as the actual contour shape and exact 

amountt of lung within and without the irradiated fields will vary for different anato-

miess and geometries and it is unlikely any variant effects can be generalized for all pa-

tients. . 

However,, some general observations can be made. Firstly, variant effects are smaller 

withh smaller displacement errors and setup uncertainties. Secondly, the variant effect 

increasess the EUD as the volume of irradiated lung increases. The decreased attenua-

tionn and increased lateral scatter (relatively) increases the effective absorbed dose and 

thiss results in a higher EUD. This is the reason why displacement errors directed to-

wardss more irradiated lung (i.e. 8>0 cm) have variant EUDs greater than invariant 

EUDss and vice versa. 

Thirdly,, asymmetric variant effects will tend to cancel out when the mean EUD is 

calculatedd as a function of setup uncertainty. The variant effects are asymmetric since 

theree is littl e lung in the irradiated field for the negative displacement errors and more 

lungg in the beam for positive displacement errors. As explained above, this asymmetry 

wil ll  cause the invariant EUDs to be greater than variant EUDs for negative displace-

mentt errors and vice versa for positive displacement errors. The variant effects as a 

functionn of displacement error are quite clearly shown in Figure 2-5A. 

However,, somewhat counter-intuitively, when the mean EUD as a function of setup 
uncertaintyy is determined, this asymmetry will tend to lessen the difference between the 
invariantt and variant mean EUD. Since the setup uncertainty is normally distributed, 
theree will be approximately the same number of positive and negative displacement 
errors.. The invariant EUD's "overdosage" for negative displacement errors and "un-
derdosage""  for positive displacement errors tend to compensate each other and will 
tendd to minimize the difference in EUD as a function of setup uncertainty between the 
variantt case. 

Thee importance of this effect is demonstrated in the mean EUD for the calculated 

dDVHs.. If Figure 2-5A is studied carefully, one can see calculated EUD points overlap 

thee interpolated EUD curve at the displacement errors that correspond to the reference 

inputt dDVHs (at , , , and 0 cm) which is expected. But for the other 

correspondingg displacement errors, the calculated EUD appears slightly greater than 

thee interpolated EUD. Even though this difference appears relatively small with respect 

too the displacement error, in Figure 2-5B, the difference between the calculated and 

interpolatedd curves has approximately the same magnitude as the difference between 

thee interpolated and invariant curves. Unlike the invariant curve in Figure 2-5A, the 

displacementt errors for the calculated curve do not tend to compensate each other 

(comparedd to the interpolated curve). The implication is that symmetric variant effects 
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havee a stronger influence on the EUD as a function of setup uncertainty than asym-
metricc variant effects. 

Inn general, the variant effects are relatively small, particularly with respect to setup un-
certaintyy where the maximum absolute difference is <1% of the maximum EUD, sug-
gestingg that the incorporation of contour changes and tissue inhomogeneities (i.e. vari-
antt effects) can be ignored. Since the variant effects on EUD are negligible for this 
"worstt case" scenario, then, by implication, they can also be ignored for all "better 
case""  scenarios. Although these results need to be interpreted with caution, it appears 
thatt the effects of a variant dose distribution on EUD may be ignored in the majority 
off  clinical cases. 

Thee results also suggest invariant dose blurring convolution-type functions could be 
used,, even for extreme situations such as this clinical example, without significantly im-
pactingg the accuracy of the calculated EUD. Engelsman et al [9] also investigated the 
effectt of random setup uncertainties on the EUD for lung tumors and found that in-
creasingg the random setup uncertainty from 0 to 1.5 cm reduced the EUD 7.3% (70 to 
64.99 Gy). In our data, we found a EUD reduction of 12.8% for the variant (2.03 to 1.77 
Gy)) and 13.3% (2.03 to 1.76 Gy) for the invariant situation when increasing the setup 
uncertaintyy from 0 to 1.5 cm. Not surprisingly, our "worst case" example has larger 
relativee reductions in the EUD. Substantial work in this area has been published by sev-
erall  authors [4,9, 25-28]. 

Thiss analysis concerns only the target volume and ignores the surrounding normal tis-
sue.. Although the effect on adjacent organs at risk was not the aim of this study, larger 
setupp uncertainties will clearly spread the dose outside the target, potentially leading to 
moree normal tissue complications. 

2.6.44 Applicatio n 

Givenn that the EUD and DVH can be calculated assuming either an invariant or a vari-
antt dose distribution, when can the variant effects on the target volume be ignored and 
whenn are they important? The significance of the variant effects depends strongly on 
whatt is being evaluated, namely displacement errors versus setup uncertainties as well 
ass DVHs and EUDs. Setup uncertainties are more robust to variant effects compared 
too displacement errors. 

Withh respect to DVHs, variant effects can be significant even for displacement errors as 
smalll  as 0.6 cm. If DVHs are being used to evaluate the merit of a particular treatment 
plan,, then, in principle, variant effects should be included for all displacement errors. 
However,, if the target volume's EUD is used to evaluate the treatment plan, then the 
variantt effects could be excluded, particularly for small setup uncertainties. In general, 
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althoughh the dosimetric differences may not be significant, variant calculations are more 
accuratee than the invariant approach. 

Thiss apparent inconsistency highlights the importance in selecting an evaluator for a 
treatmentt plan and in distinguishing between displacement errors and setup uncertain-
ties.. Our results are consistent with other authors [4,9] who conclude that systematic 
errorss are more significant than random errors. Ignoring the variant effects (as is true 
forr invariant dose distributions) exaggerate the dosimetric differences for different dis-
placementt errors. However, this is not true for setup uncertainties since they partially 
compensatee for these variant effects. For some parameters, such as EUD, the variant 
effectss are so small they can be ignored. This is consistent with the observation that 
EUDss are less sensitive to dosimetric changes compared to DVHs. 

2.6.55 Futur e Direction s 

Thee B-spline interpolation is extensible to multi-dimensional data. In principle, other 
geometricc variables, such as rotation, could be interpolated. Other authors have used 
6DD transformation errors (3 translational and 3 rotational for x, y and z-axes) [5]. The 
nextt logical step would be to incorporate and test the interpolation approach with dif-
ferentt variables. A more flexible interpolation is possible by using the dose grid directly. 
Insteadd of (volume, dose, displacement) dDVHs points as input (as per this paper), 
dosee grid data points consisting of (dose, x, y, z, displacement) could be used. The re-
quiredd dDVH or isodose surface could then be calculated directly from the interpolated 
dosee grid. Another advantage to this approach is that very complicated variables and 
effectss can be modelled such as organ movement, organ deformation and CTV margin 
width. . 

Thee major disadvantage with the multilevel B-splines is that the control lattice size 
growss exponentially with each additional variable. Each iteration doubles every lattice 
dimension.. Therefore, the number of lattice points increases by 2n with each iteration 
(wheree n is the number of independent variables). Several hundred megabytes of com-
puterr memory can be easily consumed during the generation of the control lattice so 
thee number of variables and input data points should be kept as small as possible. It 
alsoo follows that the selected independent variables be limited to those that are most 
significant.. Practical computational limits make it difficult to test some of these models, 
particuladyy dose grid interpolation, due to the extremely large number of lattice points 
required. . 

2.77 CONCLUSIONS 

Sincee a "worst case" example is selected, we conclude that, in the majority of clinical 
cases,, the variant effects of contour changes, tissue inhomogeneities and setup uncer-
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taintiess on EUD are negligible. Interpolation is a valid, efficient method to approximate 

dDVHs. . 
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Appendi xx A 

2.100 CLINICAL RECOMMENDATIONS ON DOSE TOLERANCE 

Onee of the problems with the interpolation approach is qualifying the accuracy of the 
interpolantt compared to the "true" value. Stated another way, when do the differences 
betweenn the interpolated and the calculated dose-volume histogram (DVH) curves be-
comee significant? Or, more generally, how does one determine if the differences be-
tweenn 2 DVH curves are significant or not? 

Onee method is to extrapolate the recommendations from other related situations to 
DVHs.. For example, the tolerance allowed between the calculated and the measured 
dosee could be used as a guideline to determine when dosimetric differences become 
clinicallyy significant. 

Thee recommended dose tolerance between calculated and measured relative dose calcu-
lationss vary between 2-4%, depending on the complexity of the treatment setup and 
deliveryy as well as which part of the beam is being measured [21]. Measurements per-
formedd within the build-up region of the beam penumbra have steep dose gradients so 
smalll  deviations in position can dramatically affect the measured dose. These recom-
mendationss are based on beam profile and percentage depth dose data. 

Onee can, however, make some reasonable assumptions regarding these recommenda-
tionss and apply them to DVHs. Beam profiles and percentage depth dose curves 
graphicallyy describe the dose at number of given points. We can interpret the 2-4% 
dosee tolerance recommendation as the dose at every point within the volume of inter-
estt (VOI) is within 2-4% of the measured dose. Thus, as a first order approximation, 
thee calculated dose at every voxel within the VOI should also be within 2-4% of the 
measuredd dose, at least within the low dose gradient volume within the VOI. 

Forr integral DVHs (iDVHs), the common interpretation is that it defines the relation-
shipp between some volume and some dose (i.e. 75% of the volume receives at least 
50%% of the prescribed dose). However, iDVHs can also be interpreted as all the voxels 
off  the VOI ordered by dose. To illustrate this point of view, imagine a VOI with ex-
actlyy 100 voxels with some dose distribution. Conceptually, every percent of the relative 
volumee can be thought of as a "volume bin" (analogous to dose bins but along the 
otherr axis) and directly corresponds to a voxel. By reading the dose at each volume bin, 
onee can find the dose for every voxel. In effect, each volume bin in the integral DVH 
(iDVH)) behaves like a voxel. Strictly speaking, the maximum absolute difference in rela-
tivee dose for between 2 iDVH curves should also lie between 2-4% if they are not 
clinicallyy different. 
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Onee should also recognize that such a criterion, if applied to the volume bins of differ-

entt I D V H S, is less stringent than if applied to each voxel due to the loss of spatial in-

formationn in iDVHs. Because the voxel volume bins are ordered by dose, one cannot, 

inn principle, determine the dose for an individual voxel. This is related to the degener-

acyy associated with iDVHs. The same iDVH can result from many different dose dis-

tributionss and, therefore, iDVHs have a higher degree of freedom. As a consequence, it 

iss possible for a given voxel to have a difference in relative dose greater than 4% but 

stilll  have an iDVH with a difference less than 4%. 

Anotherr consideration is what the 2-4% recommended dose tolerance actually repre-

sentss in practical terms. If the relative dose for all points within the VOI can be in-

creasedd by 4% and the resulting iDVH is not considered clinically different, then one 

cann use the RMS of the difference (i.e. RMS<2-4%) instead. The advantage with the 

RMSS deviation is that a few volume bins can have a dose difference greater than 4% yet 

stilll  result in an overall RMS less than 4%. This is particularly useful for regions with a 

steepp dose gradient such as the beam penumbra. In fact, the recommendations recog-

nizee that for steep dose gradients, a tolerance of 2-4% is not always possible and allow 

upp to a 15% difference (which corresponds to a distance of 3 mm). 

However,, if the differences in relative dose between the calculated and measured dose 
distributionss are random and normally distributed, then the recommended tolerance of 
2-4%% should be viewed as an extreme value. In other words, most of the differences in 
relativee dose should lie between . Under this assumption, the majority (e.g. 2 
SD=95%)) of the absolute differences should be less than 2-4%. Therefore, one could 
interprett the standard deviation (SD) of the difference as 1-2%. This is equivalent to 
sayingg the RMS of the difference in relative dose between 2 iDVHs should be less than 
1-2%. . 

Obviouslyy this criterion is more stringent than maintaining an overall RMS of less than 
4%.. Which criterion is correct depends on which interpretation of the recommenda-
tionn is preferred. 
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CHAPTERR 3 ABSTRACT T 

3.11 ABSTRACT 

Purpose.Purpose. To compare and evaluate intensity modulated (IMRT) and non-intensity modulated ra-
diotherapyy techniques in the treatment of the left breast and upper internal mammary lymph 
nodee chain. 

MaterialsMaterials and Methods. The breast, upper internal mammary chain (IMQ, heart and lungs were 
delineatedd on a CT-scan for 12 patients. Three different treatment plans were created: 1) tangen-
tiall  photon fields with oblique IMC electron-photon fields with manually optimized beam 
weightss and wedges, 2) wide split tangential photon fields with a heart block and computer op-
timizedd wedge angles, and 3) IMRT tangential photon fields. For the IMRT technique, an in-
versee planning program (KonRad) generated the intensity profiles and a clinical 3-D treatment 
planningg system (U-MPlan) optimized the segment weights. U-MPlan calculated the dose distri-
butionn for all three techniques. The normal tissue complication probabilities (NTCPs) for the 
organss at risk (ORs) were calculated for comparison. 

Results:Results: The average standard deviation of the differential dose-volume histogram of the breast 
PTVV was 4.6, 3.9 and 3.5% and the average mean dose to the IMC was 97.2, 108.0 and 99.6% 
forr the oblique electron, wide split tangent and IMRT techniques, respectively. The average 
NTCPP for the ORs (i.e. heart and lungs) were comparable between the oblique electron and 
IMRTT techniques (<0.7%). The wide split tangent technique resulted in higher NTCP values 
(>2%)) for the ORs. 

Conclusions:Conclusions: The lowest NTCP values were found with the oblique electron and the IMRT tech-
niques.. The IMRT technique had the best breast and IMC target coverage. 

3.22 INTRODUCTION 

Intensityy modulated radiotherapy (IMRT) is a relatively new development that has al-
readyy been applied to several sites. These include prostate [10,36,41], lung [6,12,13], 
headd and neck [5,7,11,14,60] and breast [15,28,35] primaries. For the treatment of head 
andd neck tumours, IMRT and conformal blocking have been shown to provide better 
sparingg of the parotid gland [14,27,33,60]. Similarly, in prostate cancer, IMRT can re-
ducee the risk of rectal complications and thereby permit the escalation of dose. There 
iss mounting evidence a higher total dose decreases the risk of biochemical failure in 
prostatee cancer [26,45]. Although superior survival rates with IMRT compared to non-
IMRTT techniques remains an open question, the general radiobiological and oncological 
principless underpinning the use of IMRT are sound [32,39,43,48] and its application 
continuess to be an area of active investigation. 

Post-operativee radiotherapy reduces the risk of local recurrence in early breast cancer 
patientss treated with breast conserving surgery to a level comparable to mastectomy 
[1,8,16,56,57].. Although several studies [2,9,17,29] have suggested an increase in overall 
survival,, the majority do not demonstrate a clear benefit. However, two clinical trials 
[44,49]]  have demonstrated improved survival in high risk node positive premenopausal 
patientss when both the chest wall and regional lymph nodes, including the internal 
mammaryy chain (IMQ, are irradiated following mastectomy. These conclusions remain 
controversiall  and several authors [18,21,42] have criticized these studies. How much the 
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IM CC irradiation contributes to the overall survival is, therefore, still unknown. A Euro-

peann Organization for Research and Treatment of Cancer (EORTQ clinical trial [4] is 

currentlyy underway to confirm or refute this survival advantage. 

AA large meta-analysis published by the Early Breast Cancer Trialists' Collaborative 
Groupp [1] did not show a clear overall survival advantage at 10 years with local irradia-
tion.. Their analysis suggests, however, a small improvement in survival may have been 
offsett by an increase risk in death from other causes. Suboptimal radiotherapy tech-
niquess may account for this finding. This could, in part, be due to older radiotherapy 
techniquess using lower energy photons resulting in greater dose inhomogeneity. Also, 
irradiationn of the heart from radiotherapy has been linked with an increased risk of 
cardiovascularr mortality [23-25,51,52]. Another meta-analysis, published by Whelan et al 

,, found that locoregional radiation after surgery in patients treated with systemic ther-
apyapy reduced mortality [58]. This suggests that to maximize any potential survival advan-
tagee from radiotherapy, the technique must be carefully considered to ensure adequate 
coveragee of the target volume and to minimize the risk of cardiovascular mortality. 

Iff  the planning target volume (PTV) includes only the breast, then the technique typi-
callyy consists of two tangential fields placed medially and laterally to the breast. This 
fieldd arrangement attempts to minimize the amount of underlying normal tissue irradi-
ated.. However, if the PTV also includes the IMC lymph node then simple tangential 
fieldss usually does not offer the best solution. 

Treatingg the breast and IMC lymph nodes is problematic. The inclusion of IMC creates 
ann irregular concave volume difficult to irradiate adequately without delivering signifi-
cantt dose to the heart, particularly in left-sided breast cancer patients. Several tech-
niquess have been investigated to treat the IMC [3,30,59]. To minimize the dose to the 
heart,, some advocate the use of an abutting oblique electron field over the parasternal 
areaa to treat the IMC [30,59]. But the resulting reduction in cardiac dose can only be 
obtainedd at the expense of increased dose inhomogeneity, particularly along the match-
linee between the medial tangential photon and the abutting electron fields. Planning 
studiess reveal a high dose region of the order of 10-20% and a dose variability of up to 
40%% [30,59]. The main disadvantage of this technique is the significantly increased 
complexityy of treatment planning and delivery. 

Anatomically,, the majority of the IMC lymph nodes lie superiorly, between the first and 
thirdd intercostal spaces [40,55]. Instead of treating the entire IMC, Marks et al [37] sug-
gestt the use of partly wide tangents (or wide split tangents) to cover the breast and su-
periorr IMC with a block placed to shield part of the heart. This technique improves 
dosee homogeneity by avoiding field matching between the tangential and IMC fields 
whilee reducing the dose to the heart. 
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3.33 PURPOSE 

Thee purpose of this planning study is to evaluate and compare intensity modulated 
(IMRTT tangents) and non-intensity modulated radiotherapy (oblique electrons and wide 
splitt tangents) techniques in the treatment of the left breast and upper internal mam-
maryy lymph node chain. 

3.44 MATERIAL S AND METHODS 

3.4.11 Patien t Selectio n 

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

3.4.22 Volume s of Interes t 

Thee breast PTV included all visible breast parenchyma as seen on the CT slices, exclud-
ingg 5 mm from the superficial skin surface. The internal mammary vessels, visible on 
thee CT scans, were assumed to mark the centre of the IMC PTV. The IMC PTV was 
definedd by an ellipsoid, with a major (lateral) and minor (anterior-posterior) axes of 30 
andd 20 mm respectively, centred on the IMC vessels. This extended between the infe-
riorr aspect of the ipsilateral clavicular head and the 4th intercostal space to ensure only 
thee first three intercostal spaces were included. 

Thee heart was defined as all the visible myocardium, excluding the pericardium, from 
thee apex to the right auricle, atrium and infundibulum of the ventricle. The pulmonary 
trunk,, the root of the ascending aorta and the superior vena cava were excluded. In 
orderr to estimate the overall dose to the body and the dose to the contralateral breast, a 
partiall  body volume consisting of the volume enclosed by the external contour minus 
thee left breast, IMC, heart and lungs was denned. An experienced radiation oncologist 
delineatedd all volumes of interest except for the external surface, lung and partial body 
contourss which were generated automatically by the treatment planning system. The 
CTT slices were reviewed to ensure adequate coverage of the IMC. 

3.4.33 Treatmen t Technique s 

3.4.3.11 Non-intensit y Modulate d Technique s 

3.4.3.1.11 Obliqu e Electro n 

Alll  12 patients were previously planned using this technique in another study [30], The 
supraclavicularr (SQ fossa was irradiated and a table rotation was applied to minimize 
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thee beam divergence between the tangential and SC fields. For the purposes of this 
planningg study, the SC region was not treated but the table rotations were retained for 
thee sake of simplicity. Each plan consisted of 4 fields (2 tangential photon, 1 paraster-
nall  photon and 1 parasternal electron). To minimize beam divergence, a mono-
isocentricc technique was used. The isocentre was placed at the junction between die 
breastt and the supraclavicular field, 40 mm ipsilateral from the sternum midline at the 
inferiorr aspect of the clavicular head. The dorsal border of die tangential photons was 
alignedd with die isocentre, 40 mm ipsilateral from the sternum midline. Using beam's-
eye-vieww (BEV) and gantry rotation, the tangential fields were designed to ensure die 
breastt was adequately 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 treated 
diee medial aspect of die breast PTV. A 7 mm margin around the IMC's PTV was used 
too create the IMC photon field. To avoid overdosing die skin, a mixed electron-photon 
fieldfield (weighted approximately 2:1) was used to treat the IMC. The photon IMC field 
wass matched on skin with no overlap 40 mm ipsilateral from the midline and die gantry 
wass rotated such diat it matched the tangential fields widiout any divergence. The IMC 
electronn field was placed 45 mm from midline to allow for a 5 mm overlap with die 
tangentiall  fields. Due to a wider beam penumbra, a margin of 16 mm was used for the 
parasternall  electron field witi i die same gantry angle as the parasternal photon field plus 
aa 7° rotation which was found in a previous study [30] to minimize over- and underdos-
agee at the junction. The electron energy was chosen to ensure the 85% isodose covered 
thee deepest node plus 5 mm. If required, blocks were employed to shape the field 
aroundd die IMC. An experienced clinical physicist optimized die beam weights. 

Figuree 3-1. Setup of oblique electron technique. (A=isocentre, AB=non-divergent dorsal field edge of 
tangentiall  photon beam, ABCD=non-divergent oblique IMC photon field (electrons not shown), E=IMC, 
S=souree). . 
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3.4.3.1.22 Wide Spli t Tangent s 

Thee gantry and collimator were rotated to minimize the amount of irradiated lung and 
heart.. The field and block edges were placed 7 mm from the PTV edge of both the 
breastt and the IMC to account for beam penumbra. Using the BEV, blocks were used 
too shield as much heart as possible without compromising coverage of the PTV (Figure 
3-1).. The isocentre was placed in the mid-separation of the PTV7 on the central slice, 
approximatelyy at the lower third of the perpendicular distance of die breast between 
thee pectoral muscle and the skin surface. Wedge angles and beam weights were opti-
mizedd using the U-MPlan's optimization module. 

Figuree 3-2. Beam's-eye-view of the medial tangential field of wide split tangent technique. Block (BK) 
placedd in the lower left corner to spare as much heart (H) as possible without compromising coverage of 
thee breast (B) and IMC 

3.4.3.22 Intensit y Modulate d Techniqu e 

3.4.3.2.11 Intensit y Modulate d Tangent s 

Thee same isocentre and gantry directions used in the wide split tangents were used for 
thee IMRT tangent plans. KonRad generated the beam intensity profile and this profile 
wass sequenced into 10 uniform quantized levels. The resulting beam segment weights 
weree optimized using U-MPlan's optimization module. No table rotation was applied. 
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Figuree 3-3. Typical beam intensity profile generated by KonRad prior to segmentation. 

3.4.3.33 Optimizatio n 

Thee patients were planned using a 3-D treatment planning system (U-MPlan version 
339)) [19]. The photon beam dose was calculated using an octree/edge model [20] with 
ann equivalent path length algorithm [31] to account for tissue inhomogeneities. Elec-
tronn beam dose was modeled using a modified 3-D pencil beam algorithm [38]. 

Al ll  beam and segment weights were optimized using the Optimization Module of U-
MPlann (version 1.0) except for the oblique electron plan. Optimization was performed 
byy a simulated annealing search algorithm. Segments with a relative beam weight less 
thann 0.5% were discarded. The total number of beam segments per plan was limited to 
99. . 

KonRadd version 1.2 beta 10 (MRC Systems GmbH, Heidelberg, Germany) [46], an in-
versee planning system, was used to generate the beam intensity profiles. The photon 
beamm dose was calculated using a simplified ray-tracing model with a tissue-phantom 
ratioo algorithm which ignored lateral scatter. The entire CT scanned volume was used in 
thee dose calculation. The bixel (beamlet element) dimensions were 10 mm (leaf width) 
byy 5 mm (direction of leaf travel). A back-projection algorithm generated the beam 
intensity77 profiles. Optimization was performed by means of a steepest-descent gradient 
search.. Beam segments were generated by sequencing the fluence profile into 10 uni-
formlyy quantized intensity levels. IMRT was delivered using a "step-and-shoot" tech-
nique.. Because the dose algorithms used in U-MPlan and KonRad are different, all 
IMRTT plans were recalculated using our clinical treatment planning system, U-MPlan, 
afterr undergoing beam weight optimization in U-MPlan's optimization module. A simi-
larr quadratic cost function was used for both U-MPlan's optimization and for KonRad's 
beamm intensity profile (Table 3-1). 
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Tablee 3-1. Cost function parameters used in treatment planning and optimization. (EXT=external con-
tour,, IMC=intemal mammary chain, VOI=volume of interest). 

VOII PRIORITY MIN DOSE (%) PENALTY MAX DOSE (%) PENALTY 
BREASTT 2 99 75 100 50 

IMCC 3 99 75 100 50 
HEARTT 1 0 0 48 5 

LUNGSS 4 0 0 30 2.5 

EXTT 5 0 0 30 1 

3.4.44 Cost Functio n 

AA quadratic cost function with different penalty weights for over- and underdosage was 
used.. The parameters applied in the optimization are described in Table 3-1. The cost 
functionss differ slightly in implementation between KonRad and U-MPlan. In KonRad, 
aa weighted quadratic penalty was applied to the calculated maximum (or minimum) 
dosee above (or below) the prescribed maximum (or minimum) dose. Therefore, only a 
singlee point on the DVH curve was used in each costlet function. In U-MPlan, a 
weightedd quadratic penalty was applied, in effect, to each voxel above the prescribed 
maximumm dose. Its costlet function depended on the area under the DVH curve above 
thee dose threshold. To account for this difference, the weighting penalty for each 
costletss was normalized to the total number of voxels to find the cost of the average 
voxel. . 

3.4.55 Dose Prescriptio n 

Alll  patients were planned to receive a total dose of 50 Gy in 25 daily equal fractions 

overr 5 weeks (2 Gy/d), prescribed to the PTV mean dose of the whole breast. The 

dosee to the IMC fields was calculated at the middle of the IMC's PTV 

3.4.66 Evaluatio n and Analysi s 

Wee evaluated the dose-volume histograms (DVHs) for all volumes of interest (VOI), 
includingg the partial body volume. We used the mean dose and the standard deviation 
(SD)) of the differential DVH (dDVH) of the target volumes (i.e. breast and IMC) to 
evaluatee their dose distribution. We assumed this would result in clinically similar DVHs 
off  the breast with similar local control to allow valid intra- and interpatient compari-
sons. . 

Wee used the VD95% (volume which receives 95% of the dose or more) and VDIO7% (vol-
umee which receives 107% of the dose or more) to estimate the dose homogeneity 
withinn the PTV. However, they can be misleading if a small volume of very high or 
veryy low dose is present. The SD dDVH is a stricter measure of dose homogeneity 
sincee it dependss on the shape of the entire dose distribution and is independent of the 
meann dose. A large SD dDVH is likely to be less clinically significant than a large differ-
encee in the mean dose (from 100% dose) since the mean dose represents a systematic 
72 2 



SECTIONN 3.5 RESULTS S 

under-- or overdosage. The VD95-IO7% (volume enclosed between the 95% and the 107% 
isodosee surfaces) was used to measure the overall coverage of the target volume and 
thiss metric does depend on mean dose and SD dDVH. 

Too calculate the normal tissue complication probability (NTCP), the absolute dose val-
uess were converted into normalized total dose (NTD) with an oe/P ratio of 3 Gy for 
bothh heart and lungs. We calculated the NTCP for excess late cardiac mortality using 
thee relative seriality model with parameters derived by Gagliardi et al [22]. The mean 
NTDD to the lungs was used to estimate the NTCP for radiation pneumonitis [34]. Both 
lungss were considered as one organ. All pair-wise comparisons were performed using a 
two-tailedd Student /-test with a significance level of 0.05. 

3.55 RESULTS 

3.5.11 Target Dose Coverag e 

Thee average mean dose to the breast was 100% (SD=0%), by definition (Table 3-2). 
Withh respect to the breast, the IMRT technique had the lowest SD dDVH (3.5%) while 
thee oblique electron technique had the highest (4.6%). This difference was significant 
(p=0.0V).(p=0.0V). In contrast, the VD95% and VDIO7% were the highest for the oblique electron 
techniquee (97.4% and 7.8%) and lowest for the IMRT technique (93.7% and 2.0%) 
whichh was also found to be significantly different (&=0.0008 and ^=0.0001, respec-
tively).. The VD95-IO7% was not significantly different between any of the plans and the 
averagee dDVH curves almost overlap with each other (Figure 3-4A-B). 

Tablee 3-2. Summary statistics for the volumes of interest. Numbers in the table are sample averages (%) 
withh standard deviations (1). The Rvalues for the pair-wise comparisons are given in the last three col-
umns.. (BODY=partial body, dDVH=differential DVH, rMC=internal mammary chain, NA=not applica-
ble,, NTCP=normal tissue complication probability, V=versus, OBL=oblique electron technique, 
IMRT=IMR TT tangent technique, WIDE=wide split tangent technique, SD=standard deviation, 
V D X % = D V HH volume point at X% dose, VD95-IO7%= VD9S% minus VDIO7%, VOI=volume of interest). 

VOI I 

BREAST T 

IMC C 

HEART T 

LUNGS S 

BODY Y 

% % 

mean n 
SDdDVH H 

V D 9 5% % 

VDI07% % 

VD95-107% % 
mean n 

SDdDVH H 

V D 9 5% % 

VD107% % 

VD95-107% % 

V D ? 5% % 
NTCP P 

mean n 
NTCP P 

mean n 

OBL L 

0 0 
8 8 
8 8 
9 9 
1 1 
5 5 
0 0 

80.0118.8 8 
0.110.2 2 

79.9+18.7 7 
0.110.2 2 

6 6 
3 3 

0.610.3 3 
8.813.8 8 

WIDE E 

100.010.0 0 
3.911.1 1 
94.115.1 1 
5.014.9 9 

89.019.4 4 
108.017.5 5 
3.811.1 1 

97.513.5 5 
41.3137.3 3 
56.2135.9 9 
1.912.7 7 
2.112.3 3 
20.518.2 2 
2.213.2 2 
14.816.1 1 

IMRT T 

100.010.0 0 
3.511.0 0 
93.713.3 3 
2.012.6 6 
91.715.6 6 
99.610.7 7 
4.611.1 1 
89.313.9 9 
2.513.9 9 
86.816.4 4 
0.110.2 2 
0.610.5 5 
15.313.2 2 
0.710.3 3 
7.212.5 5 

OBLV 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 

OBLV 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 

WIDE E 

VIMRT 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 
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Figuree 3-4A-B. Average dose-volume histograms for the breast. (imrt=IMRT tangent technique, 
obl=obliquee electron technique, wide=wide spht tangent technique). 
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Figur ee 3-4C-D. Average dose-volume histograms for the internal mammary lymph node 
chain.. (knrt=IMRT tangent technique, obl=oblique electron technique, wide=wide split 
tangentt technique). 
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Figuree 3-4E-F. Average dose-volume histograms for the organs at risk: heart and lungs.. 
(imrt=IMRTT tangent technique, obl=oblique electron technique, wide=wide split tangent 
technique). . 
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Figur ee 3-4G. Average dose-volume histogram for partial body. (imrt=IMRT tangent technique, 
obl=obliquee electron technique, wide=wide split tangent technique). 
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Figur ee 3-5. Normal tissue complication probability for excess late cardiac mortality by patient and tech-
nique.. Patients sorted by the wide split tangent technique's NTCP values. (wide= wide split tangent, obl= 
obliquee electrons, imrt= IMRT tangent) 
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Figur ee 3-6. Normal tissue complication probability for radiation pneumonitis by patient and technique. 
Patientss sorted by the wide split tangent technique's NTCP values. Patient numbers correspond to the 
previouss figure. (wide=wide split tangent, obl=oblique electrons, imrt=IMRT tangent) 

Withh respect to the IMC, the average mean doses were 97.2, 108.0 and 99.6% for the 
obliquee electron, wide split tangent and IMRT plans, respectively (Figure 3-4C-D). The 
meanss were all significantly different (p<0.005). The average SD dDVH was highest for 
thee IMRT (4.6%) and lowest for the oblique electron plan (2.8%). The VD95% and 
VDIO7%% was the lowest for the oblique electron and highest for the wide split tangent 
plan.. The VD95-IO7% was 79.9, 56.2 and 86.8% for the oblique electron, wide split tangent 
andd IMRT tangent techniques, respectively 

Thee VD95%, VDIO7% and VD95-IO7% of the oblique electron plan were not significantly dif-
ferentt from the IMRT plan (£=0.06, 0.1 and 0.2, respectively). 

3.5.22 Norma l Tissu e Complicatio n Probabilit y 

Thee average NTCP for excess late cardiac mortality was 0.6, 2.1 and 0.6% for the 
obliquee electron, wide split tangent and IMRT techniques, respectively. The differences 
betweenn the IMRT and wide split tangent plans and between the oblique electron and 
widee split tangent plans were significantly different (ö=0.03 and ^=0.02, respectively). 
Thee individual NTCP values for the heart showed a consistent, systematic decrease of 
approximatelyy 70% when going from the wide split to the other two techniques (Figure 
3-5). . 

Thee average NTCP for radiation pneumonitis was 0.6, 2.2 and 0.7% for the oblique 

electron,, wide split tangent and IMRT techniques, respectively. Although the reduction 

inn the individual lung NTCP values between die wide split and the other two techniques 
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wass suggestive, the differences were not significantly different (Figure 3-6). No obvious 
correlationn between the heart and lung NTCPs were found. 

Thee average partial body mean dose was 8.8, 14.8 and 7.2% for the oblique electron, 
widee split tangent and IMRT tangent techniques (Figure 3-4G). These were all signifi-
cantlyy different (£<0.007). 

3.66 DISCUSSION 

3.6.11 Target Dose Coverag e 

3.6.1.11 Breast 

Withh respect to the breast, the smallest SD dDVH was found with the IMRT tangent 
technique,, implying better dose homogeneity compared to the other techniques. The 
IMRTT plan also had the lowest VD95% suggesting the greater dose inhomogeneity seen 
inn other techniques was caused by overdosage (as demonstrated by VDIO7%) as opposed 
too underdosage. The coverage of the breast target volume was similar between the 
IMRTT tangent and the wide split tangent technique as demonstrated by the SD dDVH, 
VD95%% and VDio7%. The SD dDVH between the oblique electrons and IMRT tangent 
techniquee were significantly different. 

However,, when we examine the breast target coverage, as measured by the VD95-IO7%, no 
significantt differences were found between any of the techniques studied. Comparable 
targett coverage should be achieved before evaluating the other dosimetric data. 

3.6.1.22 Interna l Mammary Chain 

Thee IMCs mean dose differed significantly between all plans (p<0.007). This is clearly 
seenn in Figure 3-4D. The lowest mean dose was found with the oblique electron tech-
niquee (97.2%) and the highest, with the wide split tangent technique (108.0%). 

Iff  the intent of treatment is to adequately treat the IMC then a low mean dose is par-
ticularlyy undesirable. Our findings are consistent with others who have reported a rela-
tivee underdosage in the IMC with the oblique electron technique [3,30]. The underdos-
agee is even more prominent in the other studies as they were treating the entire IMC, 
makingg the target coverage more difficult. The wide split tangent technique had a nota-
blee amount of overdosage in the IMC. This may be due to the practical limitations of 
thiss technique. The use of wedges created unavoidable regions of higher dose. Given 
thatt wedges correct dose only along one dimension and that the breast is curved along 
twoo dimensions, it is not surprising significant overdosage is present. Furthermore, it is 
nott possible to optimally treat both the breast and IMC simultaneously using simple 
wedges.. One advantage present in the IMRT tangent technique is the ability to com-
pensatee dose along two dimensions which, by itself, will improve the dose homogeneity. 
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Ass a first order approximation to estimate the gain attributable to the addition of inten-

sityy modulation, one can compare the IMRT tangent and the wide split tangent tech-

niques.. The SD dDVH is the largest for the IMRT tangent technique suggesting greater 

dosee inhomogeneity. However, when we examine the dDHVs (Figure 3-4D), the wide 

splitt tangent technique clearly appears to have the largest SD dDVH. This counter-

intuitivee observation appears to contradict the results stated in Table 3-2. To explain 

this,, a distinction needs to be made between the average used for the mean dose and 

thee average used for the SD dDVH. For the wide split technique, the average mean 

dosee for the entire sample is associated with a large amount of variability (SD=7.5%). 

Whenn the dDVH for all wide split tangent patients are averaged together, the resulting 

curvee is quite wide, reflecting the large standard deviation. However, the dose homoge-

neity,, as measured by the SD dDVH, depends only on the width of the dDVH curve 

andd is independent of the mean dose. The smaller SD dDVH associated with the wide 

splitt tangent technique suggests better dose homogeneity but does not necessarily imply 

betterr target coverage. To illustrate, one could have a SD dDVH of 0.1% but a mean 

dosee 50%. Although one has excellent dose homogeneity, the target coverage is clearly 

suboptimall  due to the inadequate mean dose. 

Too take the SD dDVH and mean dose into account when measuring target coverage, 
wee use the VD95-IO7%. When we compare the VD95-IO7% between the different plans, the 
IMRTT tangent technique has the best IMC coverage (86.8%), followed by the oblique 
electronss (79.9%) and then the wide split tangents (56.2%). The IMRT technique has 
significantlyy better target coverage compared to the wide split tangent technique 
(£=0.02). . 

3.6.22 Norma l Tissu e Complicatio n Probabilit y 

3.6.2.11 Heart 

Thee lowest NTCP for excess late cardiac mortality was found with the oblique electron 

(0.6%)) and IMRT tangent techniques (0.6%). Both these techniques were significantly 

differentt from the wide split tangent technique. Although these values were small, the 

NTCPP model parameters used to estimate them have relatively large uncertainties so 

thee absolute values should be interpreted with caution. As better prospective dosimetric 

andd outcome data become available, the accuracy of these models should improve. 

However,, the relative differences between the different techniques are unlikely to 

change,, even with more accurate data, in light of the consistent, systematic decrease in 

thee heart NTCP from the wide split tangent technique to the other two techniques 

(Figuree 3-5). 

Thee calculated heart NTCP values using the oblique electron technique were smaller 

thann those reported by Hurkmans et al [30]. Instead of treating the entire IMC chain, as 

theyy did, we limited our irradiation to only the upper portion (lst-3rd intercostal 
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spaces)) of the IMC. Consequently, the heart received less dose resulting in lower NTCP 
values. . 

3.6.2.22 Lung s 

Alll  three techniques had relatively low lung NTCP values (range: 0.6-2.2%). No signifi-
cantt differences were found between any of the techniques. No obvious correlation 
betweenn the heart and lung NTCPs were found (Figure 3-6). If such a correlation ex-
isted,, the patient order in Figure 3-6 would be similar to Figure 3-5. 

3.6.2.33 Partia l Body 

Thee scatter dose to the contralateral breast was not specifically investigated. However, 
DVHss for the partial body dose were studied (Figure 3-4G) which could be used to 
approximatee the scatter dose. The IMRT technique had significantly less mean dose 
comparedd to the other techniques. 

3.6.33 Other Consideration s 

Withh the oblique electron technique, the use of electrons minimizes the dose to deeper 
structures,, particularly heart and lungs. However, it is resource-intensive due to more 
complicatedd treatment planning and delivery. Junctioning between the photon and elec-
tronn match-line as well as the use of the anterior oblique parasternal fields to irradiate 
thee IMC all contribute to increased dose inhomogeneity. Also, the IMC depth deter-
miness the electron energy used and this may limi t its effectiveness in treating very deep 
IMCs. . 

Thee wide split tangent technique, conversely, had better coverage of the breast but sig-
nificantlyy overdosed the IMC. This technique generally resulted in the highest NTCP 
valuess for both excess late cardiac mortality and radiation pneumonitis- Although it is 
thee simplest to plan and implement, the higher risk of complications suggests, at the 
veryy least, caution in its use. 

Thee IMRT technique offered the best compromise between the two competing inter-
estss of the PTV (breast and IM Q and organs at risk (ORs). It was able to maintain low 
NTCPP values for both heart and lungs, comparable to the oblique electron technique, 
andd to offer the best target coverage of the breast and IMC. The use of IMRT, how-
ever,, requires significant resources and can be time-consuming to plan, verify and de-
liverr compared to the wide split tangent technique. Whether the IMRT technique is 
moree resource-intensive than the oblique electron technique requires further study. 
However,, if they both require comparable resources and time, then a strong argument 
couldd be made on dosimetric grounds to justify the use of the IMRT technique. 

Inn the "oligobeam" approach (<5 beams), beam direction becomes an important factor 

[47,50,53,54].. Parallel opposed beam directions are known to be suboptimal when using 
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IMRT.. Despite the suboptimal tangential beam directions used in this planning study, 
thee IMRT tangent technique was still able to significantly reduce dose to the ORs in 
mostt patients. Orthogonal beams directions should theoretically improve dose confor-
mality,, particularly when concave target volumes are involved. We expect the results of 
IMRTT using more optimal beam directions to be even better than what was achieved in 
thiss study. 

Anotherr potential area of improvement involves beam segmentation. The average 
numberr of segments required for each beam was 19.4 (range: 10-30). This number is 
probablyy the upper limit for two reasons. Firstly, several beam segments had relative 
beamss weights of less than 3%. If these segments were excluded, it is unlikely the over-
alll  dose distribution would be significantly affected. Secondly, we know the use of uni-
formlyy quantized intensity levels is not the ideal solution. Non-uniform quantized in-
tensityy levels could be a method of minimizing the number of beam segments without 
significantlyy compromising the beam intensity profile. This would have several practical 
advantagess in treatment planning and delivery. The magnitude of this benefit, however, 
stilll  remains to be quantified. 

Thee effect of non-standard IMRT beam directions in treating the breast and IMC as 
welll  as optimal sequencing are currently being investigated and will be reported in the 
nearr future. 

3.77 CONCLUSIONS 

Inn conclusion, the lowest lung and heart NTCP values are found with the oblique elec-
tronn and IMRT tangent techniques. However, the IMRT tangent technique gave the 
bestt target coverage of the breast and IMC. 
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CHAPTERR 4 ABSTRACT T 

4.11 ABSTRACT 

Purpose'.Purpose'. The main purpose of this work is to reduce the cardiac and lung dose by applying con-
formall  tangential beam irradiation of the intact left breast, with and without intensity modula-
tion,, compared to rectangular tangential treatment fields. The extension of the applicability of 
thee maximum heart distance (MHD) to conformal tangential fields as a simple patient selection 
criterion,, identifying patients for which rectangular and conformal tangential fields without in-
tensityy modulation will result in unacceptable normal tissue complication probability (NTCP) 
valuess for late cardiac mortality (e.g. 2%), was also investigated. 

MaterialsMaterials and Methods: Three-dimensional treatment planning was performed for 17 left-sided 
breastt cancer patients. Three different tangential beam techniques were compared: (1) optimized 
wedgess without blocks, (2) optimized wedges with conformal blocks and (3) intensity modula-
tion.. Plans were evaluated using dose-volume histograms (DVHs) for the planning target vol-
umee (PTV), the heart and the lungs. NTCPs for radiation pneumonitis and late cardiac mortality 
weree calculated using the DVH data. The MHD was measured for all rectangular (MHDrectangu-
kr)) and conformal (MHDconforma]) treatment plans. 

Results.Results. For all patients, on average, part of the PTV receiving a dose between 95 and 107% of 
thee prescribed dose of 50 Gy in 25 fractions of 2 Gy was 90.8% (standard deviation (SD): 5.0%), 
92.8%% (SD: 3.5%) and 92.8% (SD: 3.6%) for the intensity modulation radiation therapy (IMRT), 
conformall  and rectangular field treatment techniques, respectively. The NTCP for radiation 
pneumonitiss was 0.3% (SD: 0.1%), 0.4% (SD: 0.4%) and 0.5% (SD: 0.6%) for the IMRT, con-
formall  and rectangular field techniques, 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%) 
withh the conformal technique. A further reduction to 2.0% (SD: 1.1%) could be accomplished 
withh the IMRT technique. The NTCP for late cardiac mortality could be described as a second 
orderr polynomial function of the MHD. This function could be described with a high accuracy 
andd was independent of the technique for which the MHD was determined (r2=0:88). Inn order to 
achievee a NTCP value for late cardiac mortality below 1, 2 or 3%, the MHD should be equal to 
orr smaller than 11,17 or 23 mm, respectively. If such a maximum complication probability can-
nott be accomplished, a treatment using the IMRT technique should be considered. 

Conclusions:Conclusions: The use of conformal tangential fields decreases the NTCP for late cardiac toxicity 
onn average by 30% compared to using rectangular fields, while the tangential IMRT technique 
cann further reduce this value by an additional 50%. The MHD can be used to estimate the 
NTCPP for late cardiac mortality if rectangular or conformal tangential treatment fields are used. 

4.22 INTRODUCTION 

Radiationn therapy after breast conserving surgery of patients widi breast cancer is ef-
fectivee in reducing the risk of a local recurrence. Postoperative radiotherapy of the 
breastt is typically delivered with rectangular tangential fields. With this technique appre-
ciablee dose inhomogeneity within the irradiated volume can be present [2,4], and the 
dosee delivered to the lung, and heart can be high [12,15,27]. 

Intensityy modulated radiation therapy (IMRT) techniques have been developed in order 
too reduce these dose variations and spare the organs at risk. Some of these techniques 
usee tangential fields with a non-divergent dorsal field edge [3,6,7], 
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Otherss have developed conformal tangential IMRT techniques in which the beam in-
tensityy profile is conformed to the chest wall or delineated target volume 
[13,24,25,29,30].. The shape of the IMRT profile can be optimized based on geometri-
call  parameters such as the shape of the breast and thoracic wall or on dosimetric pa-
rameterss using inverse planning. The main purpose of most of these studies was to 
makee the dose distribution in the breast more homogeneous, using geometrical parame-
ters.. Consequendy, it was not always possible to establish a satisfactory compromise 
betweenn the dose delivered to the target volume and the dose delivered to the organs at 
risk.. Inverse planning does provide a method for minimizing the dose in the organs at 
riskk while maintaining adequate target coverage. 

Mostt IMRT studies show a potential clinical benefit compared to rectangular tangential 
fieldss without conformal blocks, either in sparing organs at risk or in improved dose 
homogeneityy over the target volume. However, implementation in clinical practice of 
suchh IMRT techniques will require additional resources compared to conventional 
breastt treatment because IMRT treatment planning, delivery and verification will be 
moree time consuming and complex. Therefore, it would be useful to distinguish be-
tweenn patients for whom IMRT is needed, and patients, who can be treated satisfacto-
rilyy without IMRT. 

Hongg et al showed a benefit of IMRT plans when compared to standard treatment 
planningg techniques using optimized beam weights and wedges and superior and infe-
riorr corner blocks in the tangential fields if needed [13]. However, they did not com-
paree these treatment plans with standard rectangular tangential fields, which are widely 
usedd in clinical practice. The dose distribution can already be more conformed to the 
targett volume if three-dimensional (3D) data is available and conformal treatment fields 
aree used compared to using rectangular tangential fields, consequently reducing the 
dosee to the organs at risk. Intensity modulation can be considered as an additional step 
andd allows for greater freedom in improving the dose distribution than a combination 
off  open and wedged beams. This may result in a further improvement of the dose dis-
tributionn in both the target volume and the organs at risk. The relative improvement 
attributablee to the intensity modulated irradiated fields versus conformed fields is not 
yett known for breast irradiation. 

4.33 PURPOSE 

Thee aim of this study is to quantify the possible reduction in radiation toxicity of the 
organss at risk using conformal radiotherapy with and without the use of intensity 
modulation,, compared to simple rectangular tangential field irradiation. It was also in-
vestigatedd if it is possible to extend the applicability of the maximum heart distance 
(MHD)) to conformal tangential fields as a simple patient selection criterion, identifying 
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patientss for which rectangular and conformal tangential fields without intensity modu-

lationn will result in unacceptable NTCP values for late cardiac mortality [15]. 

4.44 MATERIAL S AND METHODS 

4.4.11 Patien t data 

Thee computerized tomography (CT) -data of 17 randomly selected left-sided breast 

cancerr patients were used for this retrospective treatment planning study. CT-slices of 

thee thorax were acquired every 5 mm with the patient lying in supine position. Ten pa-

tientss were positioned with both arms resting in an arm-rest placed above the head 

equivalentt to the treatment position, while the other seven had their arms placed beside 

butt not touching their body. This position has been shown to enable treatment plan-

ningg of tangential fields without the arms extending into the treatment fields, without 

changingg the breast shape significantly [11,18]. The CT scan included the complete left 

andd right lung, both 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). 

4.4.22 Definitio n of plannin g targe t volum e and organ s at risk 

Thee clinical target volume (CTV) was delineated by a radiation oncologist using a stan-

dardd window level (0 HU) and width (500 HU), which is in our institution considered 

optimall  for visibility of the glandular breast tissue. The CTV was assumed to start 5 

mmm below the skin and to be smooth. A PTV was generated by expanding the CTV 7 

mmm isotropically, except in the direction of the skin surface, to account for the uncer-

taintyy in the patient set-up and CTV delineation. The average PTV was 796 cm3 (range: 

180-18833 cm3). 

Thee cranial extent of the heart included the infundibulum of the right ventricle, the 

rightt atrium and the right atrium auricle but excluded the pulmonary trunk, the ascend-

ingg aorta and the superior vena cava. The lowest external contour of the heart was the 

caudall  border of the myocardium. The pericardium was excluded from the heart vol-

ume.. The contours of the lungs and skin were automatically outlined. 

Tablee 4-1. Objective function used in the inverse planning process. The relative penalties are given in 
brackets.. The priority determines to which volume voxels wil l be assigned in case different volumes over-
lap. . 

VOLUME;; PRIORITY 

HEART;; 1 

PTV;; 2 

LEFTT LUNG; 3 

RIGHTT LUNG; 4 

TOTALL VOLUME; 5 

MINIMU MM  DOSE ( G Y ) 

49.55 (75) 

MAXIMU MM  DOSE ( G Y ) 
24(5) ) 
500 (50) 
155 (2.5) 
155 (2.5) 

15(1) ) 
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4.4.33 Rectangula r and conforma l plans 

Thee gantry and collimator angles of the tangential 6 MV photon fields were chosen 
usingg the beam's eye view option of our 3D treatment planning system U-MPlan (ver-
sionn 339) [8]. A margin of 6 mm was taken between the field edge and the breast PTV 
too account for the beam penumbra. The dorsal field edges of the tangential fields were 
madee nondivergent to reduce the irradiated lung volume. The rectangular plans did not 
includee any blocks in the treatment fields. In the conformal plans, an automatically gen-
eratedd conformal block around the PTV with a margin of 6 mm was added to these 
fields.fields. The treatment planning was performed using the 3D treatment planning system. 
Ann octree/edge model [9] is used for photon beam dose calculations in combination 
withh an equivalent path length algorithm to account for tissue inhomogeneities [19]. 
Thee optimum wedge angle and beam weights were calculated using the optimization 
modulee (version 1.0) of U-MPlan. 

Thee goal of the optimization is to obtain a homogeneous dose, between 95 and 107% 
off  the prescribed dose of 50 Gy in the PTV, while maintaining a low dose in the lungs 
andd heart. The quadratic objective function, the square deviation between calculated 
andd prescribed dose values in the PTV and dose constraints for the organs at risk, was 
optimized.. The parameters of the physical objective function are listed in Table 4-2. 

4.4.44 IMRT plans 

Usingg the same gantry angles as applied in the rectangular field plans, tangential 6 MV 
photonn beam intensity profiles were calculated using the inverse planning program 
KonRadd version 1.12 (MRC Systems, Heidelberg, Germany) [26]. The same physical 
objectivee function used in the optimization of the rectangular and conformal treatment 
planss was used to calculate the optimal intensity profiles. 

Thee resolution of the intensity matrices was set to 10 mm (leaf width) by 5 mm (direc-
tiontion of leaf travel). A separate sequencer developed at the Radiotherapy Department 
off  the Utrecht Medical Centre, The Netherlands, combined with in-house developed 
softwaree was used to convert the KonRad fluence profiles to suitable step-and-shoot 
segments,, which allows delivery on an Elekta treatment unit. To minimize the number 
off  segments, a ID median filter (bixelwidth: 5) along the direction of leaf travel was 
appliedd to the continuous fluence profiles. These were then stratified into ten equally 
spacedd intensity levels. It was estimated that this number of levels would yield no more 
thann 30 segments per fraction. This was considered the maximum acceptable number 
off  segments for clinical implementation in our institute at the time this study took 
place,, due to the time needed to deliver 30 segments and the amount of console input 
neededd after every segment at an Elekta linear accelerator without Elekta RTD 
step-and-shoott software. 
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Afterr sequencing, the segment weights were refined with the optimization module of 
U-Mplan,, using the same objective score function. This additional optimization ac-
countedd for the differences in the segment normalization between U-MPlan and Kon-
Rad.. The final dose distribution was calculated using U-Mplan. Thus, the same dose 
calculationn algorithm was used for all rectangular, conformal and step-and-shoot IMRT 
plans. . 

4.4.55 Data analysi s 

Thee prescribed dose was 2 Gy per fraction, with a total treatment dose of 50 Gy deliv-

eredd over 5 weeks. In order to compare the dose distribution in the PTV objectively 

betweenn the different techniques, each plan was normalized to the mean dose and the 

dosee variation was characterized by its SD. It is assumed that similar differential dose-

volumee histograms (DVHs), as defined by their mean and SD, would yield identical 

treatmentt results, i.e. local control, for the breast for all techniques. The more com-

monlyy used homogeneity parameter V95%io7%, the part of the PTV receiving at least 

95%% but less than 107% of the reference dose, was also calculated for the breast PTV 

[20].. The breast separation, defined as the distance between the medial and lateral field 

borderss at the cranio-caudal position of the nipple, was measured to be able to deter-

minee the dependence of the dose homogeneity in the breast on this parameter. 

Too quantify lung and heart toxicity, the physical dose distribution was first converted 

intoo a normalized total dose (NTD) distribution [23], using the linear quadratic model 

withh an a/{3 ratio of 3 Gy. For the heart, the normal tissue complication probability 

(NTCP)) for excess cardiac mortality after 10-15 years caused by myocardial infarcts or 

ischaemicc heart diseases was calculated using a fractionation schedule of 2 Gy per frac-

tionn and by applying the relative seriality model [21] with parameter values s=l, 

Dsd=52:3Dsd=52:3 Gy and y=l:28 as derived by Gag^iardi et a/[10]. 

Inn order to find a simple selection criterion for patients who cannot be treated ade-

quatelyy without IMRT, the MHD was determined for the rectangular (MHDrectangukt) 

andd conformal (MHDconfonmi) techniques [15]. This quantity is defined as the maximum 

distancee of the heart 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 view of the 

medio-laterall  tangential field (Figure 4-1). In the calculations of lung toxicity, the left 

andd right lungs are treated as a single organ. After the NTD calculation, the mean NTD 

(NTDmean)) is calculated and used to compute the NTCP for radiation pneumonitis. The 

clinicall  results of a large multi-centre study of the relation between the incidence of 

radiationn pneumonitis and DVH parameters [22] were used. Paired two-sided Student's 

/-testss were used to test if the differences in PTV homogeneity and NTCP values in the 

threee irradiation techniques were statistically significant. 
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4.55 RESULTS 

conformal l 

heartt contour 

MHD D nSO«rfljt»r r 

Figur ee 4-1. The MHD is defined as the maximum distance of the heart contour, as seen in a beam's eye 
vieww of the medial tangential field, to the medial field edge, determined perpendicular to the dorsal field 
border.. The MHD of the rectangular field (MHDreetangukr) is measured to die medial field border deter-
minedd by the collimator jaw, while the MH D of the conformal field (MHDconformal) is measured to the 
mediall  field border determined by the conformal block. 

Thee dose variation in the PTV (SD) is not significantly different in the three techniques 

(ft-values>0.3),, resulting in similar treatment results for the breast for all techniques 

(Tablee 4-2). 

Thee average number of segments per fraction for the IMRT technique is 15 (range: 7-

25),, which meets our planned constraint that the total number of segments per fraction 

shouldd not exceed 30. An example of the difference between the IMRT and conformal 

dosee distribution in the plane perpendicular to the beam axis at the position where the 

largestt part of the heart is inside the conformal fields is shown in Figure 4-2. 

Comparedd to the conformal dose distribution, the IMRT dose is reduced by approxi-

matelyy 20% near the dorsal border of the PTV, thus reducing the dose in the lungs and 

heart.. The IMRT dose is increased by approximately 5% in the middle of the PTV to 

achievee a more homogeneous dose distribution in this part. Overall, the SD of the dose 

distributionn in the breast is not significantly different between the two techniques, but 

thee position of the low and high dose regions is reallocated. 

Thee average dose homogeneity, expressed as V95%-io7%, is 90.8% for the IMRT tech-

niquee compared to 92.7% and 92.8% for the two other techniques. The differences in 

V95o/o-io7%% between the IMRT and conformal technique and conformal and rectangular 

techniquee are not statistically significant with Rvalues of 0.13 and 0.48, respectively. 

Thee use of 6-MV beams results in an acceptable homogeneous dose for our clinically 

usedd rectangular field technique in almost all patients. Using this technique, only for 
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twoo patients, with a breast separation greater than 24 cm, is the "VW0-107% less than 90%. 

Thee dose variation over the PTVs was almost uncorrected with the breast separation 

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

Thee average NTCP value for late cardiac mortality is 5.9% for the rectangular field 

technique.. This value is reduced to 4.0 and 2.0% using the conformal or IMRT tech-

nique,, respectively. These reductions are both highly significant with/>-values<0.001. 

Thee NTCP values calculated for the three techniques for each patient are shown in 

Figuree 4-3. For patient #13, a slightly higher NTCP value was found for the conformal 

techniquee than for the rectangular field technique. This was caused by an altered dose 

distributionn in the PTV. The high dose region in the PTV shifted slightly to the inferior 

sidee of the breast. This resulted in a lower mean dose to the PTV relative to the dose to 

thee heart than for the rectangular plan. After renormalization of the plan to the mean 

PTVV dose, the dose to the heart in the conformal plan was slightly higher than the dose 

too the heart in the rectangular plan. 

Theree is a strong correlation between MHD rectangular and the NTCP for late cardiac 
mortalityy for the rectangular field technique, and a corresponding correlation between 
MH DD conformal and the NTCP for the conformal technique. The NTCP data of the 
rectangularr and conformal techniques is fitted to a single second degree polynomial 
functionn of the MHD, with a high correlation (r2=0:88), independent of the technique 
used.. This simple patient selection curve can easily be used clinically to select patients 
forr IMRT treatment. The data and polynomial fit  with 95% confidence interval of the 
fitfit  is shown in Figure 4-4. 

Thee average NTCP for radiation pneumonitis was already low for the rectangular field 

techniquee (0.5%). This value was further reduced to 0.4 and 0.3% using the conformal 

andd IMRT techniques, respectively. However, the difference between the conformal and 

IMRTT techniques is not significant (/>=0.28). The differences between the IMRT and 

rectangularr field techniques and between the conformal and rectangular field techniques 

are,, however, significant (£=0.05 and/>=0.003, respectively). Cumulative DVHs for the 

lungg and heart for one patient (patient #8) are given as an example in Figure 4-5. 

Tablee 4-2. Mean PTV coverage and heart and lung complication probabilities for the IMRT, conformal 
andd rectangular irradiation techniques. (SD=standard deviation, VD95%-VDIO7%= part of the PTV that re-
ceivess a dose higher than 95% and less than 107% of the prescribed dose) 

VOI I 
PTV V 

HEART T 

BOTHH LUNGS 

PARAMETER R 
meann dose 

SDD of PTV dose 
VD95%-VDI07% % 

NTCP P 
VD95% % 

NTCP P 
meann dose 

IMRTiS D D 

100++ 0.0 
3 3 
0 0 

2.00 1 
1.00 0 
0.33 1 
9.8+2.5 5 

CONFORMM D D 

1000 0 
4.00  0.9 
92.88 5 
4.00 +2.3 
4.00 1 
0.44 +0.4 
9.22 3 

1000  0.0 
4.00  0.9 
92.88  3.6 
5.99  2.2 
4.99 6 
0.55 6 
11.3  7.1 
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-40% % 

Figur ee 4-2. Difference between the IMRT and conformal dose distribution in percentage of the prescribed 
dose.. The plane perpendicular to the beam axis at the position where the largest part of the heart is inside 
thee conformal fields for patient 15 is shown in (A) and (B). The area where the dose is lower for the IMRT 
techniquee is shown in (A), while the area where the dose is higher for the IMRT technique is shown in (B). 
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Figur ee 4-3. Calculated NTCP values for late cardiac mortality for the rectangular field technique (dashed 
bars),, fhe conformal technique (open bars) and the IMRT technique (black bars). 
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Maximumm Heart Distance (mm) 

Figur ee 4-4. NTCP for late cardiac mortality versus MHD for the rectangular (•) and conformal (O) tech
niques.. The data of a previous study (X) using the rectuangular field technique [15] has also been included. 
Thee solid line represents the best fit through all data points using a second order polynomial, while the 
dottedd lines show the 95% confidence interval of the fitted curve (r2=0.88). The dotted rectangle outlines 
thee area where the NTCP is below 3%. 

4.66 DISCUSSION 

Thee IMRT treatment planning procedure is more time consuming than the rectangular 

orr conformal field treatment planning procedure. The extra steps in the planning proc

esss involve: (1) transportation of the CT scans and contours to the inverse treatment 

planningg system; (2) defining the gantry and collimator angles of the beams and opti

mizingg the beam fluence profiles using the objective function; (3) sequencing of the 

beamss to produce step-and-shoot segments that can be delivered on an Elekta accelera

torr and (4) transportation of these beam segments back to our clinical treatment plan

ningg system. These extra steps in the planning procedure take approximately 20 min. 

Thiss extra time only applies for the specific combination of the KonRad and U-MPlan 

treatmentt planning systems used in our institution and will be different if other treat

mentt planning systems are used. 

3DD treatment planning is not always needed to prevent high lung or heart doses. To 

minimizee the treatment preparation workload on a CT scanner and in the treatment 

planningg department, we suggest one can start with standard simulation of tangential 

fieldss on a conventional simulator. Only when the MHD [15] or central lung distance 

[1]] exceeds certain limits, full 3D treatment planning is needed. For instance, if one 

wantss a maximum estimated NTCP for late cardiac mortality of 1, 2 or 3%, the MHD 

shouldd be equal to or smaller than 11,17 or 23 mm, respectively, (see Figure 4-4). If the 

MHDD is, for example, 22 mm using rectangular fields, but can be reduced to 15 mm or 

lesss by conforming the fields to the PTV by applying the simulator images, then full 3D 
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planningg can still be avoided if an estimated NTCP of 2% or less is acceptable. How

ever,, if the MHD still exceeds 17 mm, a full 3D IMRT treatment plan should be con

sideredd to reduce the NTCP for late cardiac mortality below 2%. 

Byy conformation of the treatment fields to the target volume, part of the heart is 
blockedd which results in the observed reduction in NTCP values for cardiac mortality 
comparedd to the rectangular field technique. The observed dose reduction to the heart 
whenn going from the conformal technique to the IMRT technique is mainly attributed 
too the reduction in dose in the area between the PTV edge and the block edge, i.e. the 
7-mmm margin around the PTV (Figure 4-2). This isotropic margin to account for the 
beamm fringe, i.e. the distance 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 only de
pendss on the dose based objective function and the position of the PTV with respect 
too the organs at risk, and not on predefined minimum margins between the beam edge 
andd the PTV. 

AA similar result might also be reached by placement of a block to shield the heart com
pletely.. However, such a procedure will result in a decrease in dose in the PTV. The dif
ferencee in the average V95-io7% between the techniques is not statistically significant. 
Thiss can be expected, as the SD of V95-io7% within each technique is much larger than 
thee difference of the average V95-107V0 between the techniques. The dose in the medial 
partt of the PTV is slightly reduced for some patients using the IMRT technique, which 
iss not evident from the DVH data. This was reviewed by one of our clinicians, who 
judgedd these small reductions clinically not significant, also keeping in mind the large 
interobserverr variations in the delineation of the target volume [16]. 

Thee NTCP model parameters to model excess cardiac mortality resulting from radio
therapyy were determined by Gagliardi et at. These parameters were considered most 
clinicallyy applicable since they were derived from the data of two large randomized tri
alss concerning breast cancer irradiation i.e. the Stockholm and Oslo breast cancer trials 
[14,28].. However, the uncertainty in the scoring of excess cardiac deaths was still large 
andd the 95% confidence interval ranged from 0 to 15%. This attributed to a consider
ablee uncertainty in the determination of the parameter values. However, a large 
meta-analysiss of eight clinical breast cancer trials for patients that received a radical or 
modifiedd mastectomy and radiotherapy, including the Oslo and Stockholm trials, con
firmedd the existence of excess cardiac mortality [5]. No significant differences in excess 
cardiacc mortality between the trials were found, which suggest that the values predicted 
byy the NTCP model are in the same range as the generally observed values. Still, one 
hass to be careful to rely on the absolute NTCP values only and one should take dose-
volumee or other treatment parameters into account as well. 
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Inn this study, the margin between the PTV and CTV was 7 mm. This margin is consid

eredd adequate to take set-up and CTV delineation uncertainty into account. The size of 

thee set-up errors has been determined in a number of institutions [17], The effect of 

set-upp errors on the dose homogeneity in the PTV and on the NTCP values will be the 

subjectt of future work. These effects may be important for the delivery of both the 

conformall and IMRT techniques. The dose to the contralateral breast will probably not 

differr much between the standard and conformal techniques studied, if the conformal 

fieldd shape is generated using multi-leaf collimation (MLQ. The difference in contra

laterall breast dose between these two techniques and the IMRT technique will depend 

onn the practical clinical implementation, e.g. MLC generated versus use of compensa

torss or physical wedges, of the IMRT technique [3]. Treatment verification of the dose 

distributionn and dose delivery in clinical practice using a liquid ionization chamber type 

off electronic portal imaging device (EPID) is currently investigated in our institution. 

Thee appropriate margin that should be applied in order to also incorporate CTV de

lineationn uncertainty depends on the variation in CTV delineation. Data about these 

variationss are scarce and more data is needed to properly account for delineation uncer

tainties. . 

AA single global objective function for all patients was used which resulted in an overall 

decreasee in heart and lung NTCP while still maintaining adequate dose homogeneity in 

thee PTV Thus, the planning of the IMRT technique can be performed in clinical prac

ticee without time consuming customized adjustments of penalty values. Comparing the 

dosee variation using the SD of the dose distribution in the PTV, normalized to the 

meann PTV dose, can potentially allow one to compare between different techniques 

fromm various institutions. Another parameter, Dg5%-D5%, where Ö95% and Ds% are the 

maximumm dose values received by at least 95% and 5% of the PTV, respectively, was 

usedd by van Asselen et al [30] to compare DVHs. An advantage of this parameter is its 

independencee of the normalization procedure. However, a different normalization pro

ceduree does influence the absolute dose levels received by the PTV and organs at risk. 

Thus,, similar D95%-D5% values do not necessarily imply similar treatment results for the 

PTV.. Hence, one has to be careful to evaluate different treatment techniques with simi

larr D95%-D5° o values when only comparing doses to organs at risk. 

Thee dose variation over the PTV was almost uncorrelated with the breast separation 

andd breast volume. Especially for an IMRT technique, one might expect that the PTV 

dosee homogeneity should be mainly due to the dose characteristics of the opposed 

beams,, which is dependent on the size and separation of the breast. Such a correlation 

mightt have been found for the IMRT treatment plans if improvement of the homoge

neityy of the dose over the PTV was the planned objective. However, the objective was 

too spare the heart as much as possible without compromising the PTV dose homogene-
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ity.. Therefore, a correlation between dose homogeneity over the PTV and breast size or 

separationn for the IMRT treatment plans would have been fortuitous. 

400 60 
D O M | % ) ) 

400 60 
Dose(%) ) 

100 0 

Figuree 4-5. Cumulative DVHs for the lung (A) and heart (B) for one patient (patient #8). The thick, nor
mall and dun lines represent die rectangular field, conformal and IMRT technique, respectively. 

4.77 CONCLUSIONS 

Inn this study, three tangential breast treatment techniques have been defined and evalu

ated.. A single global scoring function was used for inverse treatment plan optimization. 

Thee MHD was measured for the rectangular and conformal treatment techniques, and 

mayy be used to estimate the NTCP for late cardiac mortality. Using conformal tangen

tiall fields, one can significantly decrease the average NTCP for late cardiac toxicity by 

aboutt 30%, and intensity modulation can reduce this risk even further by 50%. 
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5.11 ABSTRAC T 

Three-dimensionall conformal radiotherapy allows the use of tightly conformed, multiple copla-
narr or non-coplanar beams. However, visualizing the spatial relationships between the target 
volumee and adjacent critical structures is not always obvious or intuitive. Tools such as beam's 
eyee view (BEV) have aided in this process and have been very useful. In this study, a target-eye-
vieww (TEV) map is developed as a functional extension of BEVs. The TEV map for a critical 
structuree is created by checking the BEVs for all gantries and table rotations. For each possible 
BEV,, the amount of overlap between the planning target volume (PTV) and the organ at risk 
(OR)) is determined. This information is presented in a Mercator spherical map, where the color 
tonee indicates the amount of overlap between the PTV and the OR. A composite TEV map is 
thenn created by summing the TEV grading scores for all ORs. The composite map shows beam 
orientationss with the most overlap being light and the least overlap being dark, thus simplifying 
thee selection of appropriate beam angles. The accuracy of the TEV maps has been confirmed 
separatelyy wTith corresponding BEVs generated by a three-dimensional treatment planning sys
tem. . 

5.22 INTRODUCTION 

Thee past decade has witnessed significant advancement in the science of radiotherapeu-

tics.. Three-dimensional conformal radiotherapy (3DCRT) has used tightly conformed, 

multiplee coplanar or non-coplanar beams to allow dose escalation without increasing 

normall tissue complications. The use of non-coplanar beams, however, adds signifi-

candyy to the number of possible beam directions and combinations as compared to 

coplanarr beam arrangements [1]. If 5° increments are assumed, dien an estimated 

3xl0200 possible beam combinations exist for a six-field plan [2]. 

Inn the few-numbered beam (oligobeam) intensity modulation approach, appropriate 

beamm selection is critical. Söderström et tf/have shown increased variability of the com

plication-freee tumor control probabilities (P+) as a function of the beam direction in 

oligobeamm treatments, suggesting the importance of optimal beam orientation for oli-

gobeamss [3]. Conversely, when many beams are used (>5), beam orientation becomes 

lesss important in the overall optimization. It is suggested that the optimal use of 2-5 

beamss can yield tumor control probabilities and normal tissue complication probabili

tiess comparable to those of an optimized infinite beam arrangement [1,4]. 

Withh current visualization tools in treatment planning, the overall spatial relationships 

betweenn a target volume and adjacent organs at risk (OR) may not be obvious, or intui

tive.. The anatomical relationships can be difficult to appreciate in complicated disease 

sitess such as the pituitary and the base of the skull, where the planning target volume 

(PTV)) is surrounded by several ORs in close proximity. Beam's eye view (BEV) is a 

commonlyy used tool to facilitate the visualization of these structures. Since its introduc

tionn and implementation, BEV has aided treatment planning, particularly in the use of 

obliquee beams [1,5-8]. A BEV identifies volumes of overlap between the target volume 

andd adjacent critical structures from the beam's perspective. Based on this information, 
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thee dosimetrist may apply further different beam-modifying devices to achieve an opti

mall dose contribution for the treatment beam. Nevertheless, the important task of se

lectingg optimal beam orientations still requires a separate review of many BEVs. BEV 

volumetrics,, introduced as an aid to treatment plan development and evaluation, can 

plott the fraction of the volume of interest intersecting the beam as a function of gan

tryy angle [9,10]. A series of plots with different table angles can then be compared to 

determinee the most optimal beam orientation. This idea was further refined by McShan 

etet aL, who developed innovative volumetric gjobe and phi-theta map displays [11]. 

Thee target-eye-view (TEV) map is a modified left-handed Mercator spherical map pro
jectionn which visually represents all possible BEVs passing through the isocenter within 
aa specified target. The concept of the TEV map, although related to volumetrics, is 
moree of a functional extension of BEVs. The TEV map serves the same function as 
BEVss but does not limit itself to a single view. It, in effect, determines the overlap for 
everyy possible BEV and displays the results as a map. Each point of the map represents 
aa unique BEV and its color tone indicates the type of overlap between the PTV and the 
OR.. Beam orientations with significant PTV and OR overlap are shown in light tones, 
whilee orientations with insignificant overlap are displayed in dark tones. The major dif
ferencee between TEV and BEV volumetrics, as used by McShan, is the use of scoring 
systems.. In a sense, volumetrics is a type of scoring system using only overlapping par
tiall volumes. TEV introduces other relevant variables (such as margins, types of over
laps,, and relative importance of critical structures) into the map so that additional use
full information can be applied. By summing the TEV maps for several ORs, a compos
itee TEV map incorporating comprehensive and relevant clinical parameters is created. 

5.33 BACKGROUND 

Thee standard coordinate system for radiologic imaging uses a right-handed Cartesian 

coordinatee system (x,y, ^). However, spherical coordinates (r, 8, <$ are more convenient 

forr mapping as they are better correlated with the treatment gantry angles ($ and table 

angless (f), and they are easily obtained from the Cartesian coordinates (x,y, %) provided 

byy the CT scan (Fig. 1). These special spherical coordinates differ from the standard 

sphericall coordinate system in several important aspects. First, movement of the table 

iss limited to the x% plane. Second, the gantry rotation is fixed on the xy plane. Third, 

whenn the gantry is rotated to 0°, the central axis follows the y axis. Last, the treatment 

sphericall coordinates, unlike the standard system, are left handed (the angle from the 

positivee x to the positivey axis moves counterclockwise when observed along the posi

tivee <?axis). 
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Figuree 5-1. Cartesian coordinates (x,j, $ and spherical directional coordinates (8, (p) for a patient lying 

supinee on the treatment table. The origin (0,0,0) corresponds to isocenter. Theta (0) extends along the xy-

planee while phi (cp) extends between the x^plane and ^-axis. 

Thee developed TEV map uses a left-handed Mercator spherical projection where 0=0° 

liess on theyz plane so that consistency with the treatment coordinates is maintained. 

Thee latitude {elevation) lies along the ordinate and the longitude {azimuth) lies along the 

abscissa.. Thus, the north pole (^9=90°) describes an inferiorly oriented beam. For an 

isocentricc beam arrangement, all possible beam directions can then be characterized by 

diee spherical parameters 6 and (p for a line drawn from the source to the isocenter (i.e., 

centrall axis). 

5.44 MATERIALS AND METHODS 

Alll computer calculations were performed on a Pentium 133 Mhz personal computer. 

Thee TEV mapping software was developed on MATLAB v5.1.0.421 (The Math Works, 

Inc,, Natick, MA). This software was chosen mainly for its economy, ease of use, and 

flexiblee graphing capabilities. The Helax Treatment Managing System (TMS), v4.1 (He-

lax,, AB, Upsalla, Sweden) was run on a Digital Alphastation 400 under the OpenWm-

dowss operating system environment. 

AA Picker PQ 2000 CT scanner (Picker International, Inc., Cleveland, OH) was used to 

obtainn CT datasets of the sites of interest. The scanned data were imported into the 

treatmentt planning computer. Gross tumor volumes, PTVs, and ORs were contoured 

inn TMS [12] and exported via the radiation therapy oncology group (RTOG) export 

format.. All of the beams were isocentric and the origin was defined at the isocenter 

widiinn the gross target volume. 
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Thee test case of a pituitary tumor patient with 8 ORs was imported into MATLAB to 

provee the concept. Adjustable parameters such as source-to-axis distance (100 cm, iso

tropicc penumbral margin size around the PTV) 5 mm, and mapping resolution (1°) 

weree defined. The program performed an overlap check of the BEV for all 6 and (p 

combinations.. The steps followed are outlined in the flow chart of Figure 5-2. 

A.. Determine 0 (azimuth) and q> (elevation) that correspond to the central axis 
passingg through the point source and isocenter 

First,, all permissible or forbidden beam orientations are determined. Angles 
mayy be forbidden if the gantry and table collide. 

B.. Determine the PTV and OR outlines cast from the point source 

Forr each volume of interest, the Cartesian coordinates are transformed and 
translatedd to spherical coordinates centered at the point source (i.e., inside the 
gantryy head) to simplify the calculation of beam divergence. Rays from the 
pointt source cast the shadow of the PTV and OR on a virtual plane perpen
dicularr to the central axis at isocenter. 

C.. Determine type of overlap between the outline of the PTV and OR 

Thee distance between the PTV outline and the nearest point of the OR in the 
planee perpendicular to central axis is calculated. If the distance is negative or 
zero,, then at least one point of overlap exists between the OR and PTV This is 
calledd a hit. If the entire critical structure lies behind the isocenter, then a distal 
hithit is identified. The situation is analogous to that of an exit beam. If any part 
off the OR lies at or in front of the isocenter, then a proximal hit is identified. If 
thee distance between the PTV and OR is greater than the geometric penumbra, 
thenn no overlap is assumed and this is called a miss. If the distance is within the 
penumbra,, then it is called a marginal hit. This implies that there is some overlap 
betweenn the treatment target volume and OR [Figure 5-3(a) and (b)]. 

D.. Repeat unti l completion 

Stepss B and C are repeated for each OR. The beam orientation is changed by 
thee mapping increment and the entire sequence is repeated until every 6 and <p 
combinationn is checked. 

E.. Determine collision array 

AA collision array is constructed when BEVs are checked. A collision array is a 
matrixx containing the overlap information for each OR at each BEV If the 
mappingg resolution is 1°, then the collision array has 361xl81x« elements, 
wheree n is the number of ORs. 

F.. Calculate TEV scores 

Fromm the collision array, a TEV grading score for each individual critical struc
turee can be generated. To obtain a composite grading, each critical structure is 
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arbitrarilyy as-signed a relative criticality score. For example, at a prescribed dose of 
500 Gy, the retina (orbit) is judged to be more critical to spare clinically than the 
brainstem,, so a score of 2 versus 1 is assigned. The type of overlap is also as
signedd a relative collision score (Table 5-1). The overall composite score combines 
thee scores of every critical structure for a given orientation. Therefore, high 
compositee scores may suggest more critical structures and/or more critical 
overlap. . 

G.. Display TEV map 

Thee TEV scores can be plotted onto a flat projection where each point represents a 
uniquee BEV. BEVs with high scores are light, and low scores are dark. Two methods 
aree used to display the information: the spherical TEV map and the treatment TEV 
map.. Spherical TEV map coordinates (elevation and azimuth) can be converted to 
treatmentt TEV map coordinates (table and gantry). The former is visually more intui
tive,, while the latter facilitates easier use in treatment planning. 

Tablee 5-1. Relative collision and criticality scores for different overlap and critical structures. Higher scores 
representt more significant structural over-lap and/or more important critical structures. Arbitrary clinical 
judgementt is applied in this study for the proof of concept. 

TYPEE OF OVERLA P 
Proximall hit 
Marginall hit 

Distall hit 
Miss s 

CRITICA LL  STRUCTURE 
Chiasm m 

Opticc Nerve 
Opticc globe 

Cavernouss sinus 
Brainstem m 

COLLISIO NN SCORE 

1.0 0 
0.8 8 
0.7 7 
0.0 0.0 

CRITICALIT YY SCORE 
4 4 
4 4 
2 2 
1 1 
1 1 
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/Impor tt  CT / 

[A] ] («4) ) 

x x Conwwtt PTV and OAR 
frontfront onlMiM to 

Figuree 5-2. A simplified flow chart of the target-eye-view (TEV) mapping program. Planning target vol
ume,, organ at risk, and beam's eye view are abbreviated as PTV, OR, and BEV, respectively 
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Figur ee 5-3. (a) Lateral view of a radiation beam along the central axis. The '+ ' (symbol) in the circle is the 
isocenterr within the planning target volume (PTV). Various organs at risk (A, B, C, and D) exist around the 
PTV.. The outer-most lines delineate the geometric penumbra. Both A and B have at least one point of 
overlap.. A is a distal hit and B is a proximal hit. C is a miss. D is a marginal hit. (b) Beam's eye view (BEV) 
alongg the central axis. The point source projects shadows from the planning target volume (PTV) and or
ganss at risk. The outermost circle delineates the geometric penumbra. Both A and B are hits. C is a miss. D 
iss a marginal hit. This BEV corresponds to a point on fhe spherical target-eye-view map. 

5.55 RESULTS 

-1500 -100 -50 0 50 100 150 
Azimuthh Theta (degree) 

Figur ee 5-4. A spherical target-eye-view map for fhe left optic globe. The lighter central area represents 
proximall hits, the circumscribing gray area represents marginal hits, and the darker area on the left repre
sentss distal hits. Note that the proximal and distal hits lie antipodal to each other. The upper portion of the 
distall hits ovedaps with forbidden angles. 

Thiss study reveals several characteristics of a spherical TEV map. In the TEV map for 

thee left optic globe (OR), the distal hits that lie antipodal to the proximal hits circum

scribee an area larger in comparison to the latter due to beam divergence (Figure 5-4). 

Sttucturess lying closer to the PTV or the poles tend to block the beam more and hence 
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appearr larger on the TEV map. An optic chiasm located immediately adjacent to the 
PTVV may offer no complete misses in its TEV map. This implies that one cannot to
tallyy spare the chiasm when the PTV is too close, regardless of beam direction (Figure 
5-5). . 

AA composite TEV map displays problematic orientations as light areas (Figure 5-6). For 
example,, the lightest areas in the pituitary TEV map are clustered around the beam 
portalss which pass through the eye and optic nerves. As spherical TEV map coordi
natess cannot be directly applied as treatment gantry and table angles, a treatment TEV 
mapp is derived from the spherical TEV coordinates so diat one can read direcdy from 
thee axes (Figure 5-7). 

forbidden n 

 distal hit 

f jj proximal hit 

Figur ee 5-5. A target-eye-view (TEV) mapped sphere and the corresponding three-dimensional structural 
anatomyy for an optic chiasm. Structures A and B, the planning target volume (PTV), and optic chiasm, 
respectively,, are depicted inside a transparent TEV mapped sphere. The patient is inverted and facing the 
right,, and the other structures (C-optic nerves, D-left optic globe, E-right optic globe) are provided for 
orientation.. Isocenter is within the PTV and lies concentric with the mapped sphere. The dark area above 
representss forbidden angles, where the gantry and table collide. The grey area in the middle represents 
distall hits, where the entire critical structure lies beyond the isocenter. The light area below represents 
proximall hits, where part of the critical structure lies closer than the isocenter. No complete misses are 
seenn since the chiasm is hit, at least partially, regardless of the beam direction. 
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-1500 -100 -50 0 50 100 150 
Azimuthh Theta (degree) 

Figur ee 5-6. A composite spherical target-eye-view map for a patient with pituitary tumor. Lighter areas 
representt beam's eye views with more structural and/or more critical type of overlap. The arrow is arbitrar
ilyy chosen to point out corresponding BEVs between different mapping displays of Figure 5-6 and Figure 

-1500 -100 -50 0 50 100 150 
Gantryy Angle (degree) 

Figur ee 5-7. A treatment target-eye-view map. The arrow marks the same BEV (#=48c , (p=2i°) in both 
mapss of Figs. 5-6 and 5-7. According to the lightness of the spot, placing a beam here will not provide an 
optimall BEV. 

Too test the validity of the TEV mapping software, beam orientations were randomly 
selectedd by the computer. Helax TMS generated the BEVs of these particular beam 
angless so that the collision array created by the mapping code could be verified. The 
typetype of overlap for each OR, as predicted by the collision array, was identified and con
firmedd separately with the BEV There was a 100% correspondence for all of the struc
turess studied. Thirty-eight percent of the possible BEVs are forbidden due to gantry 
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andd table collisions. Not surprisingly, this area lies on the northern hemisphere of the 
sphericall TEV map and corresponds to an inferiorly oriented beam. 

5.66 DISCUSSION 

Althoughh various beam optimization algorithms such as simulated annealing and in
versee planning exist, conventional treatment planning places practical limits on the 
numberr of beams that can be evaluated. For the most part, beam selection is an ad hoc 
iterativee process. A TEV map represents a simple, valid, and convenient tool for treat
mentt planning. It simplifies beam selection by suggesting certain (dark) beam orienta
tionss and warning against others (light). By partitioning overlap outcomes into hits and 
misses,, TEV maps use a relatively simple geometric determination algorithm, and are 
thereforee quicker to calculate than those using volumetrics. Its utility is readily seen 
whenn favored beam orientations are gleaned at a glance. Each point on a TEV map 
representss a BEV with a predetermined margin around the PTV. For example, in our 
casee of pituitary tumor, we can place an anterior beam and be confident that it will miss 
bothh optic globes if the TEV map shows no overlap with these critical structures. 

Thee TEV map's main utility lies in the selection of beam orientations. Other beam pa
rameters,, such as weighting and wedging, are not addressed. In the oligobeam ap
proach,, the latter parameters may be less difficult to optimize since the solution can be 
welll provided through beam intensity modulation [4]. Therefore, we envision auto
matedd beam optimization as a two-step process, where optimal beam orientations and 
arrangementss are first selected with the aid of a TEV map. These beams are further 
optimizedd for weight, modifying devices, and energies by other more suitable optimiza
tionn algorithms. Placing of multiple beams in an optimized fashion will be discussed in 
aa follow-up paper. A geometric optimization method will maximize both the angular 
displacementt and favored BEVs. For example, the ideal geometric arrangement for four 
beamss would follow the vertices of a tetrahedron to its geometric center. The most 
favoredd BEVs are then selected from the TEV in best accordance with the identified 
angularr displacement between the beams. 

Thee lack of empirical dose-volume data, as it relates to tumor control and normal tissue 
complications,, presents difficulties in formulating biologically meaningful scoring rules. 
Thee rules used in this study to rank the relative importance of critical structures and 
typee of collisions are, for the most part, arbitrary and rely heavily on clinical judgment. 
Thesee parameters are adjustable, and must ultimately be tailored to the individual pa
tientt to reflect tissue complications and tolerances. Complication-free tumor control 
probabilitiess (P+) [3] attempt to compare probable treatment effects objectively be
tweenn identical structures. However, the relative importance between different struc
turess again becomes a matter of clinical judgment. The scoring will be improved as new 
dataa become available from ongoing multicenter dose escalation trials. 
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Forr very interiorly directed beans and/or wide patients, an adequate number of CT 
slicess is required in order to give a proper representation of the entire relevant anatomy. 
Thee TEV map can mistakenly allow beams to pass through an obstructing shoulder if 
thee patient is not scanned low enough to include it. 

Att present, the TEV mapping program is not fully optimized to minimize the calcula
tionn time. Approximately 3-4 h are required to complete a TEV map of an average pi
tuitaryy tumor patient with eight critical structures at a 1° mapping resolution. The soft
waree in this study has been used to test the feasibility of the TEV map with the speed 
off execution as a secondary goal. Once the program is compiled, we expect to improve 
thee running time to 20-30 min. Further gains are expected with code optimization, 
fasterr computer processors, sites with fewer critical structures, and coarser mapping 
resolutionss (i.e., 5° increments). 
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CHAPTERR 6 ABSTRACT T 

6.11 ABSTRAC T 

BackgroundBackground and Purpose: The optimal intensity fluence profile of a beam depends on the profiles 
off other beams but most optimizations assume fixed beam orientations, a priori. Breast cancer 
radiotherapyy attempts to cover the target and to spare critical structures such as the heart and 
lungs.. The study aims are (1) to determine and document the optimal two-beam orientation that 
bestt spares the heart for left-sided breast cancer patients and (2) to investigate the influence of 
thee treatment technique (i.e. conformal vs. intensity modulation) on the optimal objective cost 
function. . 

MaterialsMaterials and Methods: Ten left-sided breast cancer patients were planned using a conformal 
(3DCRT)) and a simplified intensity modulated (sIMRT) technique using predefined segments 
andd different two-beam orientations. Optimal segment weights were determined exhaustively for 
alll axial two-beam combinations, in 5° increments, by minimizing a quadratic objective cost 
function.. The resulting objective cost function was analyzed with respect to target geometry and 
treatmentt technique. 

Results:Results: The sIMRT plans are generally less sensitive to beam orientation compared to 3DCRT 
plans.. Optimal two-beam orientations for 3DCRT and sIMRT plans exist and they correspond 
too a hinge angle of approximately 188° and 160° or 210° (the latter is bimodal), respectively. 

Conclusions.Conclusions. The optimization software is a useful tool that can test many different beam combi
nationss and estimate their associated objective cost values. Afterwards, the most promising 
beamm orientations could be re-optimized under the TPS to fine-tune and verify the dose distri
butions.. Optimal uniform two-beam orientations for the breast consist of opposing tangential 
mediall and lateral beams. Optimal non-uniform two-beam orientations for left-sided breast can
cerss are bimodal, containing hinge angles around 160° and 210°. Non-uniform beam techniques 
aree less sensitive to beam orientation compared to uniform beam techniques and result in sig
nificantlyy improved heart sparing but at a cost of slightly compromised planning target volume 
coverage. . 

6.22 INTRODUCTION 

Uniformm beams are employed to ensure a minimum homogeneous dose to the planning 

targett volume (PTV). If the goals of treatment are to cover the PTV with a homoge

neouss dose and to spare the organs at risk (ORs) as much as possible, then conformal 

uniformm beams are always at least as good as rectangular uniform beams since con

formedd blocks allow improved sparing of adjacent ORs without significandy compro

misingg the PTV coverage. 

Becausee beam orientations are usually decided a priori, the best possible PTV coverage 

andd ORs sparing must also be constrained a priori  since the projected geometry of the 

relevantt volumes of interest (VOIs) are fixed for each particular beam direction. As

sumingg the two uniform beams are free to swing about a set isocenter and ignoring or

gann movement and other geometric uncertainties, different beam directions are associ

atedd with different beam's-eye-views (BEVs) and, therefore, different projective geome

tries.. The two-beam combinations that tend to minimi2e the overlap [1,2], as seen from 

BEV,, between the PTV and ORs, will be preferred over others. 
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Thee usefulness of optimal beam orientations depends, amongst others, on the number 

off beams (»), the VOI geometry and the treatment technique. With a sufficient number 

off beams (i.e. »>5), optimal beam orientation becomes less important [3,4]. The mar

ginall benefit [4,5] of each additional beam diminishes (which is why adding the tenth 

beamm improves the dose distribution less than adding the second beam). Therefore, 

oligo-beamm plans (i.e. n<5) with the fewest beams will tend to benefit the most from 

optimallyy directed beams. Furthermore, fewer beams means less contralateral scatter 

dosee and, in general, simpler treatment delivery. Therefore, for the purposes of the 

study,, the number of beams and the potential beam directions are limited to two copla-

narr axial BEVs. 

Iff the PTV and ORs are far apart then more suitable beam directions become available 
soo beam direction, in this sense, becomes less critical. The corollary to this is that beam 
directionn is more important for VOI geometry where the PTV and ORs are, in fact, 
overlapping.. The most difficult general case is when the OR lies within the PTVs con
cavityy because all the BEVs will contain some degree of overlap between the PTV and 
ORR (e.g. a horse-shoe PTV embracing the OR). Consequently, it is impossible to en
sure,, simultaneously, target coverage and organ at risk sparing for overlapping VOIs 
duee to the penetrating nature of megavoltage photons. Therefore, one must accept 
somee clinical compromise between the PTV and the OR. 

Optimall beam orientations depend on treatment technique. For uniform beams, by 

definition,, only one segment covers the PTV Because of its limited degrees of freedom 

inn modulating the intensity of the beam fluence profile (compared to non-uniform 

beams),, the beam orientation that maximizes OR sparing tends toward the beam orien

tationn that minimizes the overlap between the PTV and OR. Technically, it is more cor

rectt to consider the intersecting volumes [6] rather than the areas of overlap, as seen 

fromm BEV, but both are highly correlated and, in practice, identical. 

Thee above-described situation is exactly analogous to the clinical geometry found in 
left-sidedd breast cancer patients with a significant volume of heart within the irradiated 
field.field. The standard uniform two-beam orientation used in breast cancer radiotherapy 
(RT)) is opposing tangential medial and lateral beams. This tangential two-beam ar
rangementt must be (close to) optimal since tangentially directed beams best minimize 
thee overlap of heart, lungs and other irradiated normal tissue. The two-beam orienta
tiontion can be further optimized by correcting for beam divergence which is why treat
mentt planners select a hinge angle usually around 185°-190°. 

Severall authors [7-10] have shown a relationship between cardiac irradiation and car

diovascularr mortality. The maximum heart distance (MHD) is defined as the maximum 

distancee of the heart contour to the medial field edge, measured parallel to the caudal 

fieldd edge, as seen through BEV of the rectangular medio-lateral tangential field. 
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Hurkmanss et at [11] correlated MHD with late excess cardiac mortality. In an in-house 

patientt review of left-sided breast cancer patients treated with only tangents, the aver

agee MHD was 6 cm (maximum value: 3.2 cm). Approximately 27% of patients 

havee a MHD greater than 2.0 cm. Using Hurkmans' best fit regression data, 2.0 cm cor

respondss to about 2.5% late excess cardiac mortality. The goal of heart sparing is par

ticularlyy important in the light of the good prognosis and long recurrence-free survival 

off early breast cancer patients. 

Althoughh the standard tangential uniform two-beam orientation employed in breast RT 
iss nearly optimal, this is not necessarily true for non-uniform beam plans (e.g. intensity 
modulatedd radiotherapy). If one considers a parallel-opposed beam arrangement, then, 
alll else being equal, this beam orientation provides the least benefit with respect to in
tensityy modulation since the advantage of the second beam is almost completely ne
gatedd due to the penetrating nature of photons. Applying similar arguments, the tan-
gentiallyy oriented beams used in adjuvant breast RT, although optimal for uniform 
beamm treatment techniques, must be sub-optimal when employing non-uniform beam 
treatmentt techniques. 

Orthogonall beam orientations, in principle, will maximize the benefit of intensity 
modulationn found in non-uniform beams. This tendency, however, is constrained by 
otherr factors, particularly the VOI geometry. In the case of the breast, an anterior 
obliquee beam direction, although orthogonal to the tangential beam direction, is 
avoidedd since it tends to irradiate more normal tissue such as heart. 

Severall other authors have investigated the problem of optimal beam orientations with 

respectt to non-uniform treatment techniques [12-15]. Stein et a/[4]  suggest that all valid 

optimizations,, stochastic or exhaustive, should converge to the same optimal solution. 

Determiningg the optimal beam orientation is difficult to solve due to its non-linear na

turee and presence of multiple local minima [3]. Most of the optimization techniques 

usedd by these authors rely on search methods that cannot guarantee the global mini

mumm is found. Although their solutions are probably nearly optimal, they cannot be 

saidd to be truly optimal unless an exhaustive search is first carried out to verify the 

claim.. By exhaustive search, we mean that for all potential two-beam combinations, the 

respectivee segment weights are optimized to minimize the objective cost function. To 

thee best of our knowledge, no such attempt has been made in the case of breast cancer. 

Muchh of previous intensity modulated RT (IMRT) work [16-20] done in breast cancer 

concentratedd on improving target dose homogeneity to reduce breast fibrosis. How

ever,, in the light of the growing evidence of late fatal cardiac complications, there is 

growingg interest [11,21-23] in applying non-uniform IMRT to spare OR rather than 

onlyy improving target dose homogeneity. Although a homogeneous target dose is im

portant,, our main study focus is on heart sparing. 

120 0 



SECTIONN 6.3 PURPOSE E 

6.33 PURPOSE 

Thee study aims are: (1) to determine and document the optimal two-beam orientation 

thatt best spares the heart for left-sided breast cancer patients and (2) to investigate the 

influencee of the treatment technique (i.e. conformal vs. intensity modulation) on the 

optimall objective cost function. 

6.44 MATERIAL S AND METHODS 

6.4.11 Patien t Selectio n 

Treatmentt planning was performed retrospectively on ten left-sided breast cancer pa

tientss previously treated at the Netherlands Cancer Institute with a MHD of at least 1.5 

cm,, thus having considerable overlap between the breast and heart [11]. All patients 

underwentt CT-scanning following their breast conserving surgery. Images were ob

tainedd with the patients lying supine with the ipsilateral arm abducted above their heads. 

Thee scans included the entire lung in 5- or 10-mm-thick CT slices and extended ap

proximatelyy from the mid-clavicle to the upper abdomen. 

6.4.22 Volume s of Interes t 

Thee breast clinical target volume (CTV) included all visible breast parenchyma as seen 

onn the CT slices, excluding 5 mm from the superficial skin surface. The breast PTV was 

definedd as the CTV plus a 7 mm isotropic margin (except in the superficial direction 

wheree the margin was set to 0 mm) to account for setup uncertainties, patient move

mentt and to exclude the superficial build-up region. The heart was defined as all the 

visiblee myocardium, excluding the pericardium, from the apex to the right auricle, 

atriumm and infundibulum of the ventricle. The pulmonary trunk, root of the ascending 

aortaa and the superior vena cava were excluded. 

Patientss are planned on a three-dimensional (3D) treatment planning system, TPS, 

(ADACC PINNACLE version 6.3b, Philips Medical Systems, Milpitas, CA). An experi

encedd radiation oncologist delineated all volumes of interest (VOIs) except for the ex

ternall surface and lungs. They were generated automatically by the TPS' autocontouring 

module.. The calculated photon beam dose used a convolution dose calculation [24] 

algorithmm for segment weight optimization. 
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Figuree 6-1. Predefined segments of a typical patient used for conformal (3DCRT) breast and simplified 
intensityy modulated (sIMRT) breast techniques. 

6.4.33 Treatment Techniques 

Eachh patient undergoes two separate beam orientation optimizations for uniform and 
non-uniformm treatment techniques. For a given beam direction, the BEV of the over
lappingg areas of the VOIs are used to define the beam segments. All plans are based on 
predefinedd segments to outline the individual beam aperture shapes (Figure 6-1). Cus
tomizedd blocks are used to shape the beam aperture. Isocentre is set to the PTVs cen
tree of mass and only coplanar axial beam orientations (i.e. couch angle always set to 
zero)) are considered. Easier visualization of the objective cost function is possible 
whenn reducing the search space to the two gantry parameters. Two different plans are 
definedd as follows. 

6.4.3.11 3DCRT: Conformal Breast Technique 

Forr any given beam direction, all conformal (3DCRT) breast plans have beam apertures 
conformedd around the breast PTV plus a 6 mm isotropic margin to account for the 
beamm penumbra. No wedges are employed. 

6.4.3.22 sIMRT: Simplified Intensity Modulated Breast Technique 

Thee simplified IMRT (sIMRT) plans are an extension of the 3DCRT plans but with 
additionall beam segments within each beam to allow intensity modulation. Several 
beamm segment shapes are created for each beam direction. The rules defining the beam 
segmentss use the margin outlines, as seen through BEV, of the breast PTV+6 mm 
margin,, the heart OR+0 mm margin and the left lung OR+0 mm margin. The areas of 
overlapp between the different VOIs define each segment. 

6.4.44 Optimization 

Ann exhaustive "brute-force" search of every «-beam combination under the clinical 

TPSS is not practical due to the inordinate amount of time required. Beam directions are 

quantizedd into 5° increments, ranging from 0° to 355°. Thus, when n—2, a total of 5184 
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(72x722 beam combinations) separate optimizations must be performed for every plan 
forr every patient. The «-beam orientation optimization is decomposed into two main 
parts:: (1) dose calculation and (2) segment weight optimization. The optimization steps 
aree outlined in Figure 6-2. 

Dosee Calculatio n 

CTscan n 
patient t 

Delineate e 
VOIs s 

Seedd VOIs 
withh random 

points s 

Selectt new 
beam m 

direction n 

Determine e 
BEV V 

Determine e 
predefined d 
segments s 

Convolve e 
segments s 

Determine e 
radiological l 
pathh length 

Calculate e 
depthh dose 

I I 

Segmen tt  Weigh t 
Optimizatio n n 

Figuree 6-2. Schematic flow-chart for beam orientation optimization program. The two main parts are: 
dosee calculation and segment weight optimization. 
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6.4.4.11 Dose Calculatio n 

Alll simplified dose calculations were done under QUIRT [25], a software library of use
full tools developed in-house. A simplified dose calculation algorithm, based on an ex
ponentiall linear attenuation model, was implemented to speed up the optimization 
process.. The attenuation coefficient was manually fitted to the depth dose profile of 
thee matching 6 MV beam as calculated by the clinical TPS (i.e. linear attenuation coeffi
cient,, (1=0.03 cm1). 

AA beam direction is selected and the delineated VOIs, as seen from BEV, define the 

beamm segments. The penumbral and build-up dose region is simulated by a Gaussian 

convolution,, similar to other methods determining geometric uncertainties analytically 

[26,27].. The convolution function for the lateral penumbra and the superficial build-up 

regionn uses a standard deviation (SD) of 0.44 cm and 0.5 cm, respectively. 

Fromm the CT volumetric data, a ray-tracing routine is employed to estimate the radio
logicall path length. All relevant VOIs are seeded with 2000 random points. A percent
agee depth dose look-up table, based on an exponential linear attenuation model, is used 
too calculate point dose values at depth. Beam divergence is accounted for by an inverse 
squaree correction factor. All segment doses are calculated. A new beam direction is se
lectedd and the dose calculation is repeated until all segments for all directions are ex
hausted.. The advantage of separating the beam orientation optimization into their 
componentt parts is that the dose calculation needs only be done once and can be re
usedd for different segment weight optimizations. 

6.4.4.22 Segment Weight Optimizatio n 

Afterr obtaining the dose distribution for each beam segment for each beam direction, a 
subsett of beam directions to be optimized is selected (i.e. n—7). The program then op
timizess the segment weights, 4, within this subset by minimizing the objective cost 
function.. The beam orientations, segment weights and objective cost value are stored. 
Thee next beam direction/combination subset is tested until all combinations are ex
hausted. . 

Thee actual optimization is performed under MATLAB v.6.0.0.88 Release 12 with the Op

timizationn toolbox (MathWorks Inc., Natick, MA) on a 350 MHz Pentium III personal 

computerr with 512 MBytes of RAM. Included in the toolbox is thefmincon optimization 

functionn that finds a minimum of a constrained nonlinear multivariable function. A 

sequentiall quadratic programming (QP) method is used where the QP subproblem is 

solvedd at each iteration. A full description of the mathematical details of the con

strainedd optimization is beyond the scope of the paper and interested readers are re

ferredd to relevant references [28,29]. 
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6.4.4.33 Objectiv e Cost Functio n 

AA quadratic objective cost function with different penalty weights for over- and/or un-

derdosagee is defined. The "costlets" applied in thee optimization are described in Table 

6-1. . 

FF =-t—Ywfs.(d..-d y (1) 
nunn *j  L*  1 i—t J v  P ' 

{ \,if\,if dn <d, .and maxconstr 
(2) (2) 

\,if\,if dp > dLjand minconstr  v ' 

0,, otherwise 

I=\I=\  k=\ 

wheree Fm„  is the minimized objective cost value, Np* is the total number of points 
withinn the VOI, Nvoi is the total number of VOIs, n>j is the importance weighting fac
torr associated with the j * VOI, s} is a step function associated with the j * VOI, dp is the 
prescribedd point dose, dv is the calculated point dose, AĴ MW is the total number of 
beamss (same as n), Nv is the total number of beam segments associated with the 1th 

beam,, ik is the intensity weighting factor associated with the k* segment of the 1th beam 
andd dk,t is the point dose for the k* segment of the 1th beam. The segment intensity 
weights,, ik, undergo optimization to minimize F. 

Tablee 6-1. Objective cost function parameters used in treatment planning and optimization. Dose-volume 
pointt constraints are quadratic penalties. The constraints are listed with their associated end-point of inter
est.. (EOI=end-point of interest, max=overdosing cosdet, min=underdosing cosdet, NA=not applicable, 
VOI=volumee of interest). 

VOI I 

BREAST T 

BREAST T 

HEART T 

LUNGS S 

EXTERNAL L 

TYPE E 

min n 

max x 

max x 

max x 

max x 

DOSEE (GY) 

47.5 5 

60 0 

24 4 

15 5 

1 1 

VOLUME E 

100 0 

0 0 

0 0 

0 0 

0 0 

(%) ) WEIGH T T 

20 0 

10 0 

5 5 

2.5 5 

1 1 

EOI I 

locall control 

fibrosis s 

latee excess cardiac mortality 

radiationn pneumonitis 

NA A 

Similarr costlets yielded clinically acceptable plans in previous studies [11,21]. The mini

mumm dose costlet for the PTV is based on the ICRU recommendations [30]. The 

cosdett for the heart is based on the estimated tolerance of the heart [31]. An additional 

costlett based on the external VOI (called EXT) is defined to ensure the optimization 

tendss to minimize the integral dose within the patient. The EXT VOI contains all the 

internall VOIs. 
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6.4.55 Evaluatio n and Analysi s 

Thee objective cost function and its associated surface are evaluated and analyzed. The 

dosimetricc accuracy and optimization reliability was verified by comparing the opti

mizedd segment weights selected by the clinical TPS using PlNNACLE's Inverse Planning 

IMRTT Module with matching objective cost functions and our «-beam orientation op

timizationn program. PINNACLE'S optimization is performed by means of a steepest 

gradientt search algorithm as implemented in the TPS. The maximum number of itera

tionss was 25. 

6.55 RESULTS 

6.5.11 Objectiv e Cost Functio n 

Typicall examples of the objective cost surface and dose-volume histograms (DVHs) are 

shownn in Figure 6-3 and Figure 6-5. In general, the non-uniform beam plans have sig

nificantlyy lower cost values than the uniform beam plans. Table 6-2 summarizes the 

objectivee cost values for the different plans. For uniform and non-uniform beam plans, 

thee mean optimal hinge angles are 188° and 195°, respectively. The distribution of the 

latter,, after closer inspection, turns out to be bimodal with peaks near 160° and 210°. 

Plottingg the objective cost surface visualizes the influence and interaction between the 

objectivee cost and beam orientation. We make the following observations. First, all 

planss have a single large peak near a gantry angle of 255° that corresponds to the worst 

possiblee beam direction, opposite the breast, irradiating the long way around to reach 

thee target. The maximum objective cost value is identical for both the corresponding 

one-beamm and two-beam plans since the latter can be viewed as a superset of the for

merr (which is why the maximum cost values are identical). Similarly, non-uniform 

beamss can also be viewed as a superset of uniform beams. Thus, all the objective cost 

valuess for the uniform beam plan must be equal to or greater than the corresponding 

beamm directions for the non-uniform beam plan. 
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Surfac ee Plot : 3DCRT Contou rr  Plot :3DCRT 

Figur ee 6-3. Typical objective cost function surface and contour plots corresponding to plans 3CDRT (A 
andd B) and sIMRT (C and D). The ordinate axis is the optimized objective cost value while die abscissas 
representt the gantry angles for the corresponding beams. The 'X's mark the global minimum at (300°, 130°) 
andd (130°, 300°) for uniform beams and (305°, 105°) and (105°, 305°) for non-uniform beams. Beam 
transpositionn does not affect the cost so two global minima exist. Figure 6-3D shows the bimodal solutions 
nearr (305°, 105°) and (300°, 155°) with a local maximum at (300°, 130°). 
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Figuree 6-4. Typical axial dose distributions comparing 3CDRT (A) and sIMRT (B) plans. Notice the redis
tributionn of dose within the breast, shifting dose away from the heart and the medial aspect of the breast. 
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Renormalizedd Dose-volume Histograms 
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Figur ee 6-5. Renormalized (A) and un-normalized (B) dose-volume histograms (DVHs) comparing opti
mizedd segment weights for a typical patient. The lines represent the optimal 3DCRT and sIMRT beam 
orientationss using maximum breast dose thresholds of 55 Gy (sIMRT55) and 60 Gy (i.e. sIMRT60). The 
volumess of interest are the breast and the heart. The 3DCRT DVH has excellent target coverage but lim
itedd cardiac sparing. The sIMRT60 DVH has excellent target coverage with dramatic heart sparing but 
increasedd target dose heterogeneity. The sIMRT55 DVH has similar heart sparing, improved target dose 
homogeneityy but slightly inferior target coverage (as measured by the volume enclosed by the 95% isosur-
face)) compared to sIMRT60. 
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Tablee 6-2. Summary of the mean, maximum and rninimum objective cost values (in arbitrary units) follow
ingg segment weight optimization for the different treatment techniques (3DCRT vs. sEMRT). Also listed 
aree the beams' gantry directions, hinge angles and time required for die optimization. The first number is 
thee average over all patients and the second number (following the ' 1 ' symbol) represents 1 standard devia
tion.. The maximum and rninimum objective cost values correspond to the worst and best beam orienta
tions. tions. 

OBJECTIV EE COST 

meann fxl031 
maxx (XlO3) 

gantrvll O 
gantrv22 (°) 

anglee (°) 
minn (xl03) 

gantrvll C) 
gantrv22 (°) 

anglee (°) 

3CDRT T 

8 8 

sIMRT T 

1.4710.12 2 

6 6 

4 4 
24514 4 

0 0 

0.6210.13 3 

13216 6 

304110 0 

18818 8 

24514 4 

24514 4 

010 0 

0.4010.07 7 

138121 1 

303112 2 

195125 5 

timee (sXlOj) 2.410.2 31.116.4 

Second,, a consistent, systematic reduction in the objective cost value is always found 

whenn going from uniform to non-uniform beams for identical PTVs and identical 

BEVs.. Therefore, with respect to the objective cost and all else being equal, non

uniformm beam plans always provide a dose distribution at least as good as the uniform 

beamm plans. 

Third,, there is an axis of symmetry along the ascending diagonal of the objective cost 

surfacee since beam order does not change the associated objective cost value. Transpos

ingg beam directions is a trivial operation. Applying similar arguments, if all beams have 

thee same orientation (and thus, the same beam segment shapes), then the objective cost 

iss identical to that of a single beam with the same orientation. Thus, the diagonal line 

off symmetry corresponds to the optimal objective cost plot for the corresponding sin

glee beam (i.e. «=1). This has been confirmed when segment weights for a single beam 

weree re-optimized. 

Too gauge its clinical impact, the optimal two-beam orientations found by the optimiza

tionn program were transferred to the TPS and the segment weights re-optimized for a 

testt patient. The resulting DVHs are shown in Figure 6-5, comparing different treat

mentt techniques for the same patient. Due to the concern with overly heterogeneous 

targett dose distributions, the maximum breast dose constraint was reduced to 55 Gy 

(fromm 60 Gy) for a test patient and then re-optimized. This will force the optimization 

too find a more homogeneous PTV dose distribution. We found the optimal non

uniformm two-beam orientation to be very robust (i.e. ) even with the new con

straintss and that, paradoxically, a more homogeneous target dose reduces the target 

coveragee (estimated by the volume receiving less than 95% of the prescribed dose) and 

increasess heart irradiation (Figure 6-5A). 
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6.5.22 Validatio n 

Thee validity and accuracy of the optimization was performed by comparing the seg

mentt weights as selected by the optimization program and by the TPS with matched 

objectivee cost functions, beam setup parameters and beam segments for six different 

beamm combinations, corresponding to 60 individual segments, in a randomly selected 

patient.. There is no difference between the segment weights of the optimization pro

gramm and the TPS (paired /-test, p—1.00). Their relative order, with respect to objective 

costt values, is identical. 

Thee optimization program and PINNACLE'S Inverse Planning Module both tend to 

convergee to similar segment weights, implying that the objective cost function, the 

searchh algorithm, the global minimum, and segment dose distributions are all compara

ble.. Similar segment weights are only possible if all three factors (i.e. objective cost 

function,, search algorithm, and segment dose distributions) are similar. 

Thee dose distribution is, by definition, a composite of all the segment dose distribu

tionss whose intensity is proportional to its optimized segment weight. Because segment 

dosee distributions are not degenerate and due to the convergence to a single global 

minimum,, there is only one unique optimal combination of segment weights. There

fore,, similar optimized segment weights must imply similar (but not necessarily identi

cal)) segment dose distributions. This was verified during the initial testing and verifica

tionn of the simplified dose calculation algorithm by examining and comparing the seg

mentt DVHs from the optimization program and from the TPS which found very simi

larr but not identical DVHs. 

6.66 DISCUSSION 

6.6.11 Objectiv e Cost Surfac e 

Thee surface appearance of the uniform beam plans is distinctly different from the non

uniformm beam plans. Figure 6-3B is a contour plot of a typical patient. The surface plot 

off the uniform beam plans display several running "notches" that represent a particu

larlyy favored beam direction. These "notches", in fact, correspond to the beam direc

tionn that minimizes the overlap between the PTV and OR, in BEV, and are found in 

pairs,, 180° from each other. The global minimum is found at (300°, 130°) which corre

spondss to the intersection of these "notches", suggesting that the optimal uniform 

two-beamm orientation is identical to the minimized overlap between the PTV and OR 

forr each beam. 

Inn comparison, the non-uniform beam plans do not tend to produce convex peaks. The 

surfacee is generally more concave, flatter and clearly lower, implying greater degree of 

degeneracyy in the solutions [32]. The "notches" found in the non-uniform plans are 

muchh less prominent, suggesting non-uniform beams are better at compensating for 
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sub-optimall beam orientations than uniform plans. In Figure 6-3D, the global non

uniformm and uniform minima are marked at (305°, 105°) and (300°, 130°), respectively. 

Non-uniformm beams can explore beam orientations that do not necessarily minimize 

thee overlap between the PTV and OR since the OR segment can be (partially) blocked 

orr down-weighted. Unlike uniform beams, non-uniform beams' greater degrees of 

freedomm allow segment modulation within the beam, resulting in more optimal dose 

distributionss and, thus, lower objective cost values. 

Thee optimal two-beam orientations found for uniform and non-uniform treatment 

techniquess are different. Our results suggest that (nearly) parallel beams, as used in the 

uniformm beam plans, will limit the potential benefit of intensity modulation [33]. This 

cann be shown graphically in Figure 6-3D where local minima near (305°, 105°) and 

(300°,, 155°) with hinge angles around 160° and 215° surround a local maximum with a 

hingee an^e of 190° near (300°, 130°). Because of the degenerate (i.e. flat) nature of the 

surface,, beam orientations near either of these local minima (i.e. 160° and 215°) are 

almostt equally good and this dimpling pattern near the global minimum is characteristic 

off all the non-uniform plan surfaces. Therefore, the optimal tangential uniform two-

beamm orientation is sub-optimal when non-uniform treatment techniques are employed. 

6.6.22 Objectiv e Cost Functio n 

ICRUU Report 50 [30] recommends the PTV receives between 95% and 107% of the 
prescribedd dose. The adequacy of the treatment plan's dose distribution depends on: 
thee PTV coverage (as defined by the isodose surfaces encompassing the target), the 
conformalityy of treatment and the target dose homogeneity. ICRU Report 50 does not, 
however,, make explicitly clear how to handle intersecting volumes (where a voxel is a 
memberr of both the PTV and OR) or the related problem of overlapping volumes 
(whenn the PTV overlaps the OR, as seen through BEV) with conflicting constraints. 

Assumingg a dose-effect relationship, a maximum PTV dose constraint only makes ra-

diobiologicc sense if normal tissue is admixed within the PTV. Therefore, the maximum 

PTVV dose constraint behaves like an OR dose constraint and, therefore, should be 

basedd on normal tissue tolerance (e.g. fibrosis and telangiectasia) of the PTV and not 

necessarilyy on limiting the target dose heterogeneity (e.g. 107% of prescribed dose). 

Thee ICRU Report 50 recommendations are not well suited to deal with intersecting 

volumess found in the breast. The PTV always contains some normal tissue so, in effect, 

thee breast is both a PTV and an OR. We are not suggesting the PTV upper dose remain 

unboundedd but, instead, that maximum normal tissue dose constraints cannot be ig

nored.. Several studies have found a dose-effect relationship between breast fibrosis and 

dosess greater than 50 Gy [34]. No accepted clinical threshold dose for breast fibrosis 

existss so 60 Gy (or 120% of prescribed dose) was selected as the maximum OR dose 

threshold.. Although somewhat arbitrary, the maximum dose threshold value is not 
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overlyy critical since optimal two-beam orientation is relatively stable, whether one uses 

thee 60 Gy or 55 Gy dose constraints. 

Regionss of high dose within the target are not, in itself, undesirable. There is ample 
evidencee that a dose-effect relationship exists in breast cancer. Keynes [35] reported 
successfull primary treatment of breast cancer (with radium) as early as 1932. Bartelink 
etet al [36] demonstrated the efficacy of RT in the adjuvant setting and significant im
provementt in local control following a 16 Gy boost to the tumor bed compared to the 
standardd 50 Gy whole breast post-operative RT but at a cost of worsened cosmesis. 

Clearly,, the 60 Gy dose constraint for breast fibrosis will increase target dose heteroge
neity.. It is hoped that IMRT techniques will allow PTV coverage with a homogeneous 
dosee (between 95%-107% of the prescribed dose) and adequate OR sparing. However, 
forr a certain patient subset, this cannot be achieved. Recall that more than a quarter of 
presentingg left-sided breast patients have a MHD greater than 2.0 cm. For these pa
tients,, employing overly stringent constraints on target dose homogeneity may unfairly 
handicapp the algorithm's ability to optimize the dose. Our results suggest that optimiz
ingg beam orientations redistributes the dose within concave target volumes. The dose 
redistributionn is most prominent with fewer beams. In practice, the dose shifts away 
fromm the heart (enclosed within the convex hull of the target) to the remaining breast 
volume,, adding to target dose heterogeneity. 

Thee optimal beam orientation, as a function of the objective cost function, is remarka
blyy robust. A potential source of criticism is the lack of optimal wedges in the uniform 
3DCRTT plan which may unfaidy bias the comparisons between the uniform and non
uniformm plans. We chose not to use wedges for two reasons. First, on practical grounds, 
determiningg optimal wedges greatly complicates the optimization process. To imple
mentt optimal wedges, one needs to optimize the wedge angle and the wedge orienta
tion.. For a tangential beam direction, the thick end of the wedge usually points outward 
andd acts like a missing tissue compensator. However, for non-tangential beam direc
tions,, it is not obvious which wedge orientation is best (e.g. for the anterior oblique 
beamm direction). 

Second,, on theoretical grounds, the addition of wedges will have little (if any) effect on 

optimall uniform two-beam orientations themselves since the VOI geometry, not the 

wedges,, is the dominant effect. To illustrate, suppose all uniform two-beam orientations 

weree optimal wedged. Although the absolute objective cost values (including the global 

minimum)) will tend to decrease for all beam orientations, the renormalized relative ob

jectivee cost values are very stable and the beam combination corresponding to the 

globall minimum will remain unchanged. Wedges only have a limited ability to modulate 

dosee along one axis so they usually have much fewer degrees of freedom compared to 

non-uniformm treatment techniques. Because of the limited effect of wedges and the 
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dominantt impact of the VOI geometry, minimizing the objective cost for uniform op

timallyy wedged two-beam plans becomes identical to minimizing the overlap between 

thee PTV and OR. 

Thee robustness of the optimal two-beam orientation, as a function of the objective 

costt function, was tested by modifying the objective cost function parameters. Chang

ingg the weighting factors, UJ, even up to four orders of magnitude, or redefining the 

dosee constraints, dh to a tenth of the original values (i.e. minimum breast dose 4.75 Gy, 

maximumm breast dose 6 Gy, maximum heart dose 2.4 Gy, etc.) has little impact on the 

optimall two-beam orientation when performed on a test patient. Optimal beam orien

tationss are optimal relative to the other beam orientations so they, unlike the optimal 

beamm fluence profile and optimal dose distributions, are relatively robust with respect to 

thee objective cost function. Like adding wedges discussed earlier, modifying these func

tionn parameters will modify the absolute objective cost values but the relative ranking 

off the different beam orientations remains essentially unchanged. 

Althoughh both the optimal beam orientation and optimal beam fluence depend on the 

objectivee cost function, the former is less sensitive to the costlet parameters. Therefore, 

thee objective cost function used to determine optimal beam orientations does not nec

essarilyy yield optimal beam fluence profiles. We recommend that this new maximum 

dosee constraint be used in the future since reducing the maximum breast dose thresh

oldd to 55 Gy (from 60 Gy) has little influence on the optimal two-beam orientation but 

improvess target dose homogeneity (as seen in Figure 6-5). 

6.6.33 Optima l Beam Orientation s 

Thee optimal beam orientation depends on: the VOI geometry, the dose-volume thresh
oldd defined in the VOI costlet, the number of beams (and possible beam directions) 
andd the treatment technique used (i.e. uniform vs. non-uniform beams). The similar 
appearancee of the plans' objective cost surface implies an optimal beam orientation 
classs solution exists. However, 3DCRT plans (compared to IMRT plans) are more sen
sitivee to beam orientation. 

Thee DVHs in Figure 6-5 graphically demonstrate the benefit of optimal beam orienta

tions.. Conformal uniform beam plans greatly limit the degrees of freedom possible 

underr the optimization, particularly heart sparing. By geometry, for 3DCRT plans, if 

thee PTV overlaps with the OR then one must decide whether to overdose the OR or 

underdosee the PTV. Because the target underdosage costlet is weighted higher than the 

cardiacc overdosage costlet, it will have a higher priority. The 3DCRT plans have a more 

homogeneouss target dose. However, as the DVHs clearly show, this is at the price of a 

higherr cardiac dose. 
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Thee best 3DCRT beam orientation minimizes beam divergence. The optimization 
foundd the mean optimal 3DCRT hinge angle was 188°. This is almost identical to the 
clinicall hinge angle selected by the treatment planner and confirms that the method can 
determinee optimal beam orientations reliably. In Table 6-2, the least optimal non
uniformm two-beam orientation arises when beams are parallel (e.g. hinge angle=0°). 
Thiss result is not unexpected since parallel beams limit the benefit of intensity modula
tionn [33] because they are (almost) functionally equivalent to a single beam. In all pa
tientss studied, optimal non-uniform two-beam orientations appears to be bi-modally 
distributed.. This suggests that a non-uniform two-beam orientation class solution is 
feasible.. Furthermore, because these bimodal solutions are nearly degenerate, one can 
chosee either solution without significantly increasing the objective cost value. However, 
thesee bimodal solutions are indirectly dependent on the MHD. As the MHD ap
proachess zero, the local maximum between the bimodal minima tends to flatten out 
which,, in effect, merges these 2 minima together. 

Thee time required to calculate all beam combinations depends on the number of beam 
directions,, the number of segments and the objective cost function. For two-beam ori
entationn optimization, 3DCRTand sIMRT plans take, on average, at least 40 and 500 
min,, respectively, but the SD is large. 

6.6.44 Validit y 

Althoughh the segment weights between the optimization program and the TPS are not 
statisticallyy different, does that necessarily imply they are not clinically different? Recall 
thatt Figure 6-3 displays "notches" on the 3DCRT surface due to the penetrating nature 
off megavoltage photons. The observation that these "notches" are 180° apart suggests 
thatt beam attenuation, in this patient subset, is not a dominant effect. In other words, if 
thee simplified dose calculation algorithm used assumed no beam attenuation in media, 
then,, after reoptimization, the same optimal beam orientations would result. If optimal 
beamm directions are not significantly influenced by primary beam attenuation then the 
scatteredd dose would exert even less influence and can be considered a second-order 
effect.. Therefore, optimal beam orientations are relatively insensitive to these second-
orderr dose effects. This is consistent with the observation that optimal beam orienta
tionss are relatively robust with respect to the objective cost function. 

Thee mean and SD of the difference in relative segment weights between the optimized 

relativee segment weights of the optimization software and the TPS is 0.00+3.5% 

(pairedd /-test, p—1.00). Applying these arguments, the probable difference is sufficiently 

smalll so as to not significantly alter the optimal beam orientation. 
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6.6.55 Other Consideration s 

Theree is growing interest in applying a boost to the tumor bed following breast con

servingg surgery. Bartelink et al found a significant dose effect on local tumor control, 

particularlyy in high-risk women less than 40 years of age [36]. The optimal beam orien

tationss found in this study cannot be used and it is unlikely a simple two-beam orienta

tionn class solution exists for all boost patients (though one may exist for a patient sub

set).. Recall that optimal beam orientation depends on the VOI geometry and the VOI 

costlett itself. Because different patients may have different boost volumes in different 

locations,, this effectively changes the VOI geometry. The optimal beam orientation 

dependss on the higher dose prescription to the boost volume assumes the residual sub

clinicall clonogen density is higher within the surgical site. With the sIMRT plans, the 

targett volume that is underdosed is generally found at the medial aspect of the breast, 

nearr the heart segments. Although the underdosed volume tends to be small, the mag

nitudee of underdosage varies so medially located tumors are regarded as relative contra

indications,, depending on the target dose distribution. 

Setupp uncertainties and random movements were not included in the analysis. One 

couldd argue that by ignoring these effects, the true optimal beam orientations may, in 

fact,, be different. However, random (as opposed to systematic) errors, over the course 

off curative radiotherapy, are unlikely to influence optimal beam orientations since its 

dosimetricc effects are relatively limited for small errors [37]. A study by George et al 

foundd no significant differences between the planned and expected dose distribution 

whenn including the intrafractional respiratory motion in breast IMRT [38]. Further

more,, if random errors are the same for all beam orientations, then its effect on the 

objectivee cost function is applied equally. One can imagine the random errors, in effect, 

increasee the penumbral width. Dose around the periphery of the PTV is "blurred" out, 

resultingg in less dose just inside the PTV and more dose to the adjacent ORs. Incorpo

ratingg random errors will increase the optimal objective cost value but like changing the 

costlet'ss weighting factors, the overall surface appearance remains essentially un

changed. . 

Althoughh the risk of second primaries in the contralateral breast following post-RT 

appearss small [39-41], it is statistically significant. Thus, effort should be directed at re

movingg any unnecessary radiation exposure to the contralateral breast. Full fluence 

IMRTT plans often contain many small, off-axis segments which tend to increase the 

scatterr dose to the contralateral breast compared to the sIMRT plans. 

6.77 CONCLUSIONS 

Thee optimization software is a useful tool that can test many different beam combina

tionss and estimate their associated objective cost values. Afterwards, the most promis-
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ingg beam orientations could be re-optimized under the TPS to fine-tune and verify the 

dosee distributions. 

Optimall uniform two-beam orientations for the breast consist of opposing tangential 
mediall and lateral beams. Optimal non-uniform two-beam orientations for left-sided 
breastt cancers are bimodal, containing hinge angles around 160° and 210°. Non
uniformm beam techniques are less sensitive to beam orientation compared to uniform 
beamm techniques and result in significantly improved heart sparing but at a cost of 
slightlyy compromised PTV coverage. 
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Appendixx B 

6.100 OBJECTIVE COST FUNCTION 

6.10.11 Backgroun d 

Whetherr the objective cost function is an accurate measure of the merit of a plan is an 

importantt question. If the objective cost value decreases by half, does that mean the 

plann is twice as good? By definition and by design, the objective cost function is meant 

too mimic the clinical decision making process of the radiation oncologist and to quan

tifyy the merits of a given dose distribution. If the more "optimal" plan with a lower 

costt results in clinically poorer plans, then the costlets themselves are poorly defined 

sincee they are not properly imitating the oncologist's clinical judgment. However, distill

ingg all the relevant clinical factors of a plan into a succinct single scalar quantity is not 

straightforwardd (if possible at all). 

Inn essence, the function, like the clinician, has to convert dose distributions from the 

physicall dose-volume phase space to clinical outcomes in the biological phase space. 

Thee answer to whether lower objective cost values always result in better outcomes is 

veryy much dependent on understanding the relationship between the dose-volume 

phasee space and the biologic phase space. Radiobiologic models, such as equivalent uni

formm dose and complication free tumour control probability, are functions that explic

itlyy define the relationship between the physical and biological phase space. These mod

elss are an active area of research [32-37]. These models and understanding the model 

principless will continue to improve as longer and better prospective dosimetric and out

comee data become available. 

6.10.22 Well-define d Objectiv e Cost Function s 

Itt is possible that different function parameters could result in different optimal beam 

orientationss and thereby invalidate the study conclusions. But even different objective 

costt functions, if well defined, will probably result in similar optimal beam orientations. 

Welll defined objective cost functions are functions that: 1) contain at least 2 opposing 

costletss where one penalizes for overdosing (i.e. adding dose) and another penalizes for 

underdosingg (i.e. removing dose) and 2) both types of costlets are consistent with a 

dosee effect. 

Thee costlet is consistent with a dose effect when more dose to the same or greater vol

umee never reduces the penalty contribution for an overdosing costlet (and vice versa 

forr underdosing costlets). At a surface minimum, by definition, the opposing costlets 

aree balanced such that any small changes will increase the overall objective cost. Equiva

lent^,, the surface gradient at the minimum is zero (which is exactly what the optimiza

tionn attempts to find). 
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Thee overdosing costlets deal with any ORs while underdosing costlets refer to PTVs. 
Alll well-defined objective cost functions must converge to the same solution since a 
hypotheticall ideal dose distribution exists assuming no intersection between PTV and 
ORss VOIs. The ideal dose distribution is when the PTV receives an adequate dose 
(greaterr than the underdosing dose-volume threshold penalty) and no dose everywhere 
else.. However, the ideal dose distribution can never be achieved with penetrating radia
tion.. In reality, dose distributions are less than ideal. To reach the target, the radiation 
mustt travel through the patient and may irradiate part of an OR before and beyond the 
target.. The optimization uses the objective cost function to arbitrate the trade-off be
tweenn underdosing the PTV and overdosing the OR. Eventually the optimization will 
settlee on a segment/beamlet weight that equally balances the costs of the PTV and OR. 

Noww consider the same objective cost function except that the overdosing costlet is 
madee more important by increasing its weight and, hence, its contribution to the overall 
cost.. In that case, the optimization will settle on a new equilibrium point with different 
segment/beamlett weights and different costs. However, the relative ranking of the op
timall objective cost values for different beam directions changes very little since chang
ingg the new OR costlet's weighting factor is applied equally for all beam directions. 

6.10.33 Robustnes s of Optima l Beam Orientation s 

Imaginee two different optimized non-uniform beams from different directions and the 
ORR costlet is increased by a weighting factor of 100. Because the OR costlet contribu
tiontion is greater, after re-optimization of segment/beamlet weights, the segments/ 
beamletss that irradiate the OR will be weighted lower to reduce the OR penalty at the 
expensee of partly underdosing the PTV until a new minimum cost is reached but, over
all,, the new objective cost value increases. However, the segment with less overlap be
tweenn PTV and OR will have, in general, a lower overall objective cost value since 
smallerr volumes of the OR and PTV are overdosed and underdosed, respectively. Con
sequently,, the relative ranking of the beams' optimized objective cost values remains, 
essentially,, unchanged. Changing the costlets' weighting factors is like changing the 
stretchh factor of the objective cost axis while retaining the same overall surface shape. 
Iff all costlet weights are increased by a factor of 100, then the resulting surface will 
appearr identical except the objective cost axis has stretched by a factor of 100. 

Thiss result is somewhat counter-intuitive since one expects the objective cost function 
too exert some influence on the optimal beam orientation. However, a distinction should 
bee made between optimal beam orientations and optimal beam intensity fluence pro
files.. Although the data suggests optimal beam orientations are relatively insensitive to 
costlett weighting factors, optimal beam fluence profiles are highly sensitive to weighting 
factorss because clinical outcomes depend on the absolute dose distribution. Conse
quently,, the objective cost function associated with optimal beam fluence profiles can 
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alsoo be used to determine optimal beam orientations but the converse is not necessarily 

true.. That is, the objective cost function associated with optimal beam orientations may 

nott be appropriate for clinically optimal beam fluence profiles. Therefore, much more 

caree is required when defining the objective cost function with respect to optimal beam 

fluence.. A full discussion on what and how one defines the objective cost function is 

beyondd the scope of this paper. However, for the purposes of the study and bearing 

thee above caveat in mind, we assume the defined objective cost function is a valid 

measuree of plan merit. 

6.10.44 Factor s Influencin g Optima l Beam Orientation s 

Optimall beam orientations are influenced by the costlets' dose-volume threshold (and 
nott by its weight). For example, if the PTV costlets remain unchanged and the heart 
costlett is modified to only penalize heart voxels receiving a dose greater than 60 Gy, 
thenn the optimization will, in effect, ignore the heart and make little effort to spare it. 
Thee main determinants of optimal beam orientations are VOI geometry and the dose-
volumee threshold defined in VOIs' costlet itself for a given number of beams and 
treatmentt technique. 

Thee only exception is when the costlet's weighting factor is made so small that the op
posingg costlet dominates. If its contribution to the overall objective cost is less than the 
optimization'ss termination tolerance parameter, £, then the optimization will ignore that 
costlett and fail to find the true optimal beam orientation (e.g. E<1015). The objective 
costt function behaves in an ill-defined fashion since it, in effect, violates the first condi
tiontion necessary for well-defined functions. 

Ass a rudimentary check, the costlet weighting factors were changed (up to 4 orders of 

magnitude)) for a patient and then the optimal beam orientation for a two-beam plan 

wass determined. For this particular patient, the optimal gantry angles varied from 1 SO

MS00 and 280-285°. The local area near the surface minimum is relatively flat which im

pliess near optimal beam orientations (e.g. ) are probably sufficiently good. 

Mostt radiobiologic models are well defined objective cost functions so their optimal 

beamm orientations should be very similar as long as matching dose-volume thresholds 

aree used. However, how one matches dose-volume thresholds between physical dose-

volumee constraints and radiobiologic constraints is not obvious and whether optimal 

beamm orientations using radiobiologic objective cost functions are indeed similar has 

nott yet been confirmed or established. 

6.10.55 Relevant Costlet s 

Definingg a suitable objective cost function is critically important. All relevant ORs 

shouldd be modeled explicitly since the optimization depends completely on the objec

tivetive cost function in determining optimal beam orientations. For example, if only breast 
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andd heart costlets are defined, then the optimization will find a suitable beam orienta
tionn to cover the PTV and spare the OR but the dose distribution usually has regions 
off high dose outside the breast and heart since other VOIs were not explicitly penal
ized.. The objective cost function used in the study has costlets corresponding to the 
PTV,, breast fibrosis, late excess cardiac mortality, radiation pneumonitis and a general 
normall tissue costlet applied to the external contour (Table 6-1). The external VOI 
costlett pushes the optimization to minimize the dose outside the PTV and the major 
ORss (i.e. breast, heart and lungs). Because of their dependency on the VOI geometry, 
differentt VOIs will have different optimal beam orientations. 
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CHAPTERR 7 ABSTRACT T 

7.11 ABSTRAC T 

Purpose.Purpose. Left-sided breast cancer patients pose a difficult clinical challenge when significant heart 
andd contralateral breast irradiation are present, particulady with tangential uniform beams. The 
aimss of die study are: 1) to design and evaluate a simplified IMRT (SI) solution using predefined 
segments,, 2) to compare the SI technique with a conformal (CN) and a full fluence IMRT (FI) 
approachh using 2 sets of beam orientations: clinical (-Q and optimal (-O) and 3) to quantify the 
benefitss of treatment technique and beam orientation. 

MethodsMethods and Materials: Nine left-sided breast cancer patients with a maximum heart distance of at 
leastt 2.0 cm were planned using 3 different techniques and 2 different beam orientations. All 
threee techniques were planned using clinical orientations (i.e. CN-C, FI-C and SI-Q. Two tech
niquess were planned using more optimal orientations (i.e. FI-O and SI-O). Dose-volume histo
gramss and radiobiologic modelling are used for plan evaluation. 

Results.Results. The average mean PTV doses are , 98.4+6.3%, , % and 
103.9+8.3%% for the CN-C, FI-C, SI-C, FI-O and SI-O plans, respectively. The average normal 
tissuetissue complication probabilities for late excess cardiac mortality are , 0.2+0.1%, 

,, 0.1+0.0% and 0.1+0.0%, respectively. For a given beam orientation, FI plans are the 
bestt and CN plans are the worst. The dose distributions for the SI-C and FI-C plans are almost 
identicall with significant heart sparing but at a cost of some target underdosage. The dose distri
butionss are better conformed around the PTV with more optimal beam orientations, resulting in 
betterr sparing of adjacent organs at risk. FI-C plans are inferior to SI-O plans. 

Conclusions:Conclusions: For clinical uniform 2-beam orientations, significant heart sparing is possible with 
thee aid of intensity modulation but at the expense of worsening target coverage. Simplified 
IMRTT can, for all intents, be substituted for full IMRT with clinical beam orientations. Applying 
moree optimal non-uniform beam orientations improves PTV coverage while maintaining signifi
cantt heart sparing but increases the PTV dose heterogeneity. 

7.22 INTRODUCTION 

Thee rationale behind adjuvant post-operative radiotherapy (RT) following breast-

conservingg surgery (BCS) is the sterilization of the tumour bed of any residual sub

clinicall disease that may be present after surgical excision. Adjuvant RT has been shown 

too be effective in reducing the risk of local recurrence in early stage disease [1-3] and 

somee studies also demonstrate improved survival in high-risk premenopausal women 

[4,5].. The widespread adoption of BCS and adjuvant post-op RT, especially in good 

prognosiss young women with early stage breast disease, increases the importance of 

latee complications due to the long expected disease-free interval. 

Ass the clinical importance of late excess cardiac mortality becomes better recognized 

and,, given that a substantial subset of patients are over-treated, the cardiac effects of 

RTT has assumed a greater role in treatment plan evaluation [6-8]. There is strong em

piricall evidence showing a correlation between cardiac irradiation and late excess car

diacc mortality [9-11]. The maximum heart distance (MHD) is an estimate of the 

amountt of irradiated heart and is defined as the maximum distance of the heart con

tourr to the medial field edge, measured parallel to the caudal field edge, as seen on a 
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beam'ss eye view (BEV) of the medio-lateral tangential field. A study, by Hurkmans et a/, 
correlatedd a MHD of 2.0 cm with approximately 2.5% risk of late excess cardiac mor
talityy [8]. 

Althoughh adjuvant post-operative breast irradiation is clearly associated with signifi
cantlyy improved local control, whether it improves overall survival is still a controversial 
issuee [12-15]. Several published meta-analyses confirm an improved cause-specific sur
vivall but suggest this benefit is offset by an increase in non-breast cancer specific mor
tality,, particularly ischemic cardiac mortality [16-18]. The simplest and obvious interpre
tationn of the evidence is that adjuvant breast RT, although effective in improving local 
controll and breast-cancer specific survival, is associated with detrimental cardiovascular 
complications. . 

Thee corollary is that if the associated cardiovascular complications could be reduced or 
eliminated,, then an overall survival advantage would be discernable. The inclusion of 
right-sidedd and small MHD breast cancer patients may be contributing confounders to 
thee apparent lack of improvement in overall survival. Therefore, improved radiotherapy 
treatmentt in breast cancer would be of particular concern and interest for left-sided 
patientss with large irradiated heart volumes who are at greatest risk for cardiac compli
cationss and further efforts should be directed at reducing the risk of cardiac complica
tionss as low as reasonably possible without compromising the coverage of the breast 
targett volume. 

Tangentiall 2-beam orientations are selected a priori so the projective geometry of the 

volumess of interest (VOI) is fixed. Patients with substantial MHDs are are particularly 

challengingg to treat due to the overlapping volumes of the breast and heart, as seen 

throughh BEV. For uniform tangential conformal beams, one must decide whether to 

maintainn a homogeneous target dose distribution and thereby potentially overdose the 

heartt or to spare the heart adequately but at the cost of compromised target coverage. 

Evenn intensity modulated radiotherapy (IMRT), with its greater degrees of modulation 
freedom,, cannot simultaneously satisfy both the constraints of target homogeneity and 
organn at risk sparing. The feasibility and advantage of more optimal 2-beam orienta
tionss for heart sparing in left-sided breast cancer patients was investigated in another 
in-housee study. It was found that the optimal uniform 2-beam orientations were identi
call to those used clinically, with a hinge angle (i.e. the arc angle subtended between the 
centrall axes) near 185-190° to minimize the dorsal edge divergence. Optimal non
uniformm 2-beam orientations in patients with a MHD greater than 2 cm were bimodal 
withh hinge angles approximately 160° and 210°. For the purposes of the study, the latter 
hingee angle of 210° was selected for the class solution due to the risk of contralateral 
breastt irradiation with the former. 
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Becausee the treatment planning, delivery and verification of IMRT is more complex 

thann conventional RT, class solutions are a highly attractive answer for the routine im

plementationn of IMRT. The main criteria a class solution (compared to standard con

ventionall techniques) must fulfill are: 1) that it does not require significantly more time, 

effortt and/or resources to plan and deliver, 2) that the resulting dose distributions are 

ass good (or better) and 3) that it can be applied or easily tailored to a wide variety of 

casess within the class (e.g. left-sided breast cancer patients). Class solutions have been 

usedd for other disease sites such as prostate [19] and our study attempts to apply similar 

methodss to the breast. 

AA simplified IMRT (SI) method using predefined beams segments based on the projec

tivee VOI geometry is proposed as a general 2-beam class solution. This SI technique is 

appliedd to two different beam orientations: clinical and optimal. The clinical beam ori

entationss are the standard tangential beams typically used for breast RT. Clinical beam 

orientationss tend to minimize the overlap between the breast and the heart as well as 

limitt the contralateral breast irradiation. For clarity, all plan names using clinical beam 

orientationss have the suffix '-C' appended to their name (e.g. SI-Q while optimal beam 

orientationss use the suffix, '-O'. 

7.33 PURPOSE 

Thee purpose of the study is: 

•• to design and evaluate a simplified IMRT (SI) solution using predefined segments, 

•• to compare the SI technique with a con formal (CN) and a full fluence IMRT (FI) 

approachh using 2 sets of beam orientations: clinical (-Q and optimal (-O) 

•• to quantify the benefits of treatment technique and beam orientation. 

7.44 MATERIAL S AND METHODS 

7.4.11 Treatmen t Plannin g 

7.4.1.11 Patient Selectio n 

Treatmentt planning was performed retrospectively on nine left-sided breast cancer pa

tientss previously treated at the Netherlands Cancer Institute. All patients underwent 

CT-scanningg following their breast conserving surgery. The images were obtained with 

thee patients lying supine with the ipsilateral arm abducted above their heads. The scans 

includedd the entire lung in 5 or 10 mm thick CT slices and extended approximately 

fromm the mid-clavicle to the upper abdomen. All patients had a MHD between 2-5 cm. 

7.4.22 Volume s of Interes t 

Thee breast clinical target volume (CTV) included all visible breast parenchyma as seen 

onn the CT slices, excluding 5 mm from the superficial skin surface. The planning target 
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volumee (PTV) was defined as the CTV plus a 7 mm isotropic margin (except in the su
perficialperficial direction which was set to 0 mm) to account for setup uncertainties and pa
tientt movement. The heart was defined as all the visible myocardium, excluding the 
pericardium,, from the apex to the right auricle, atrium and infundibulum of tile ventri
cle.. The pulmonary trunk, root of the ascending aorta and the superior vena cava were 
excluded.. An experienced radiation oncologist delineated all VOIs except for the exter
nall surface and lungs which were generated automatically by the autocontouring tool of 
thee treatment planning system (TPS) described below. 

7.4.33 Treatmen t Technique s 

7.4.3.11 3D Conforma l Solutio n 

Althoughh the standard technique generally consists of tangential rectangular fields, tan
gentiall conformal fields will yield comparable target coverage with reduced cardiac irra
diationn [8,20] for similar beam parameters (such as direction and weight). Since one of 
thee main clinical end-points evaluated in this study is risk of cardiac complication, con
formal,, not rectangular, fields as defined in the CN plans were used as our standard 
plann for comparison. 

Inn the CN plan, we used (near) parallel, opposed medial and lateral tangential beams as 
selectedd by an experienced treatment planner. The gantry angles are optimized manually 
too minimize the beam divergence along the dorsal beam edge to reduce irradiation of 
thee heart and lungs with a typical hinge angle of 185-190°. The isocentre is localized 
automaticallyy to the PTVs centre of mass. 

Ann isotropic margin of 6 mm around the PTV is used to define the field size and field 
shapee (as seen from BEV) to account for the beam penumbra. For each beam direction, 
ann open field and a 55° wedged field are defined for a total of 4 beams. In our treat
mentt unit, the collimator orientation determines the wedge orientation. The collimator 
rotationn is set at 180° to ensure the thick end of the wedge faces anteriorly. Multileaf 
collimatorss (MLCs) automatically shape the beam aperture. Beam weights (and thus, 
wedgee angles) are optimized using the TPS with an objective cost function described in 
thee Optimization section below. The voxel size for dose calculation is 4x4x4 mm3 and 
thee dose grid is defined to cover the entire external surface contour plus a 5 mm mar
gin.. All plans of this type are called CN-C (i.e. 3D conformal with clinical beam orien
tations). . 
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Figuree 7-1. A typical fall fluence intensity profile seen from a tangential beam's-eye-view used in the full 
IMRTT plans. Note the outlined region of low intensity overlying the heart that corresponds to the heart 
outlinee depicted in Figure 7-2. 

7.4.3.1.11 Ful l Intensit y Modulate d Solutio n 

Thee beam parameters (such as beam direction and isocentre) are identical to the CN 
plann and no wedged fields are present. The TPS generates the beam intensity profile 
withh a bixel (or beam element) size of 5x5 mm2 and the same objective cost function 
usedd for the CN and SI plans (see Optimization section). Therefore, each FI plan con
sistss of 2 beams. The resulting full fluence profile does not undergo any sequencing 
andd represents the best possible theoretical intensity profile, given the beam directions 
andd the stated objective cost function optimized under the TPS (Figure 7-1). 

Identicall clinical beam orientations found in the CN-C plans are used and these are 
calledd FI-C plans (i.e. full IMRT with clinical beam orientations). Likewise, another plan 
wass created but with more optimal beam orientations. The optimal beam orientation is 
basedd on the results of a beam orientation optimization program developed in-house. 
Alll plans of this type are called FI-O (i.e. full IMRT with optimal beam orientations). 
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A A 

B B 

C C 

Figuree 7-2. Representative diagram showing a tangential beam's-eye-view with predefined segments (A, B 
andd C) used in die simplified IMRT plans. The dotted lines represent die oudines for me planning target 
volumee (PTV), the heart (HRT) and die left lung (LNG). The solid line around die PTV represents seg
mentt A, defined as die PTV with a 6 mm margin. Segment B is defined as segment A minus the heart out
linee shown vertically hatched. Segment C is defined as segment B minus the left lung outline shown hori
zontallyy hatched. For clarity, margins are not drawn to scale. 

7.4.3.1.22 Simplifie d Intensit y Modulate d Solutio n 

Thee SI plan is an extension of the CN plan but with additional segments. For the pur
posess of the paper, when more than one field shape is present for a given beam direc
tion,, they are defined as segments. The rules defining the beam segments use the 
PTV+66 mm margin, the heart+0 mm margin and the left lung+0 mm margin outlines, 
ass seen from BEV (Figure 3). A 6 mm margin is added to the PTV for the penumbra 
width.. The PTV with a 6 mm margin (identical to the CN plan) defines segment A. 
Segmentt B is defined as segment A minus the heart outline. Segment C is defined as 
segmentt B minus the left lung outline, giving 3x2=6 segments in total. Segment weights 
aree optimized using the TPS with the same objective cost function applied to the CN 
planss (discussed later). Identical beam orientations found in the FI plans are used. They 
aree called SI-C (i.e. simplified IMRT with clinical beam orientations) and SI-O (i.e. sim
plifiedd IMRT with optimal beam orientations) plans, respectively. No wedges are used. 
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Figuree 7-3. A schematic diagram demonstrating the geometry of beam orientation, planning target volume 
(PTV)) and organ at risk (OR). Parallel beams, used clinically, cannot adequately spare the OR and cover the 
PTV.. Regions of relative underdosage are indicated by the solid arrows. More optimal beams with a hinge 
anglee of 210° better spare the OR and cover die PTV but at the cost of increased target dose inhomogene-
ity.. Regions of relative overdosage are indicated by the dotted arrow. 

7.4.3.22 Optimizatio n 

Alll the patients are planned using a 3-D TPS (ADAC PINNACLE3 version 7.1a, Philips 
Radiationn Oncology Systems, Milpitas, CA, USA). The photon beam dose is calculated 
usingg an adaptive convolution dose algorithm for the CN and SI plans. The FI plan 
usess a combination of a generalized Batho correction method and a collapsed cone 
dosee calculation [21] algorithm. To ensure agreement between the different dose calcu
lationn algorithms, the CN and SI plans for a single patient were recalculated using the 
collapsedd cone dose calculation algorithm and the resulting DVHs compared. The 
curvess essentially overlapped, suggesting differences, if present, were minor. 

Alll beam (and segment) weights and full fluence intensity profiles are optimized using 
PINNACLE'SS Inverse Planning IMRT Module. Optimization is performed by means of a 
steepestt gradient search algorithm. The maximum number of iterations was set to 25. 
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Tablee 7-1. The objective cost function and the dose-volume costlets used for the optimization in PINNA
CLE'SS Inverse Planning module. The volumes of interest (VOI) used are the planning target volume (PTV), 
thee heart (HRT) and the external contour (EXT). The latter is used as a general constraint to minimize the 
integrall dose. Also shown are the end-points of interest (EOI). 

VOI I 
PTV V 
PTV V 
HRT T 
EXT T 

CONSTRAINT T 
minimu m m 

maximum m 
maximum m 
maximum m 

DOSEE (GY) 
47.5 5 
55 5 
24 4 
1 1 

VOLUME E 
100 0 
0 0 
0 0 
0 0 

(%) ) WEIGHT T 
20 0 
10 0 
5 5 

0.0001 1 

EOI I 
locall control 

fibrosis s 
latee excess cardiac mortality 

none e 

Wee defined a quadratic objective cost function with different penalty weights for over-
and/orr underdosage. The terms or "costlets" applied in the optimization are described 
inn Table 7-1. The overall objective cost function consists of 4 costlets, 2 for the PTV, 1 
forr the heart and 1 for the external contour. These costlets yielded clinically acceptable 
planss in previous studies [7,8]. The minimum target dose costlet for the PTV is based 
onn ICRU recommendations [22]. The costlet for the heart is based on the estimated 
tolerancee of the heart [23]. No lung costlets are defined. The external contour costlet 
ensuress the integral dose is minimized. 

7.4.3.33 Dose Prescriptio n 

Alll plans use 6 MV photons and the 100% isodose surface is prescribed to receive a 
totall dose of 50 Gy in 25 daily equal fractions over 5 weeks (2 Gy/d). It is important to 
pointt out that the PTV mean dose is, in effect, a free parameter of the cost function 
andd subject to optimization. 

7.4.44 Evaluatio n and Analysi s 

Wee evaluate the dose-volume histograms (DVHs) and the dose distribution for the 
relevantt VOIs. The normal tissue complication probabilities (NTCPs) for late excess 
cardiacc mortality [24] and radiation pneumonitis [25] are based on published data. The 
tumourr control probability (TCP) model assumes an a-value of 0.3 Gy4, a normally 
distributedd population of a-values with a standard deviation of 0.13 Gy1, an a/fJ-ratio 
off 10 Gy and a clonogen density of lO^cm3. These parameter values were derived 
fromm cell line data published by Brenner [26] and fitted by Fenwick [27], representing 
thee best fit to the available clinical data, and are phenomenological rather than realistic 
values.. The TCP model is fully described by Webb et at [28] and incorporates fractiona
tionn effects and heterogeneous clonogen populations (with heterogeneous radiosensi-
tivities). tivities). 
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7.55 RESULTS 

Figur ee 7-4. The axial view with a dose wash for a patient for all the plans: 3D conformal with clinical 
beamm orientations (CN-C), full intensity modulation with clinical beam orientations (FI-C), simplified in
tensityy modulation with clinical beam orientations (SI-C), full intensity modulation with optimal beam 
orientationss (FI-O) and simplified intensity modulation with optimal beam orientations (SI-O). The dose 
washess are normalized to the maximum dose and the curves outlined correspond to the 25, 47.5, 50 and 55 
Gyy isodose lines. The uniform beams of the CN-C plan do not allow modulation of dose to the heart while 
thee non-uniform beams of the FI-C and SI-C plans do. The optimal beam orientations clearly allow better 
conformalityy of dose to the target. 

7.5.11 Clinical Example 

Axiall views with overlaid dose wash for all plans are shown in Figure 7-4 along with 

theirr corresponding dose-volume histograms in Figure 7-5 for a particularly difficult 

patient.. In the CN-C plan, the breast and heart are covered with a homogeneous dose 

washh while the FI-C and SI-C plans down-modulate the intensity of the segment over

lyingg the heart. By doing so, the peripheral medial and lateral ends of the target are un

derdosed.. The dose distributions of the FI-C and SI-C plans are, for the most part, 

veryy similar. 
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Concavee targets are better covered with non-parallel beams. By introducing more opti
mall beam orientations, the FI-O and SI-O plans are able to conform more tightly 
aroundd the breast and spare the heart. In Figure 7-4, the competing goals of minimiz
ingg target underdosage and organ at risk overdosage can be seen. Increasing the effec
tivee segment intensity overlying the heart will tend to reduce target underdosage but 
willl also tend to increase organ at risk overdosage. Both the SI plans (i.e. SI-C and SI-
O)) have greater target dose inhomogeneity compared to the FI plans. Plans using clini
call beam orientations have poorer target coverage compared to optimal beam orienta
tions. . 

00 10 20 30 40 50 60 70 

Dosee (Gy) 

Figur ee 7-5. Typical dose-volume histograms corresponding to the plans in Figure 7-4 for die planning 
targett volume (PTV) and the heart (HRT). The dark lines represent the PTV and the light lines represent 
diee HRT. There is significant sparing of die heart when going from uniform (e.g. CN-C plans) to non
uniformm (e.g. all odier plans) heams. The encircled portion is magnified and corresponds to die region of 
underdosagee where die PTV and HRT overlap. Note die greater dose inhomogeneity present widi die SI 
plans:: SI-C and SI-O. There is less target underdosage going from clinical to optimal beam orientations and 
betterr cardiac sparing widi die IMRT plans (compared to die CN-C plans). The maximum dose to die 
heartt corresponds to die beam orientation widi die -C plans being slighdy higher dian die -O plans. 
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Magnifiedd Dose-Volume Histograms 

Magnifiedd Dose-Volume Histograms 

Figur ee 7-6. Magnified views of the dose-volume histograms shown in Figure 7-5. Comparing CN-C to FI-
CC to SI-C, target coverage becomes worse (but with significant heart sparing). Comparing SI-O to CN-C to 
FI-O,, target coverage and heart sparing improves but with greater target dose inhomogeneity. There is less 
targett underdosage going from clinical to optimal beam orientations and better cardiac sparing with the 
IMRTT plans (compared to the CN-C plans). 
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Tablee 7-2. Summaiy of the parameters comparing all plans: CN-C=conformal plan with clinical beam 
orientations,, dDVH=differential dose volume histogram, FI-C=full intensity modulated plan with clinical 
beamm orientations, FI-0=full intensity modulated plan with optimal beam orientations, HRT=heart, L 
LUNG=leftt lungs, NTCP=normal tissue complication probability, PTV=planning target volume, 
SD=standardd deviation, SI-C=simplified intensity modulated plan with clinical beam orientations, SI-
0=simplifiedd intensity modulated plan with optimal beam orientations, TCP=tumour control probability, 
VDx%=relativee volume enclosed by the x% isodose surface, VDx-y%=relative volume enclosed between the 
x%% and y% isodose surfaces, VOI=volume of interest. 

D D 

(%) ) 
NTCP P 

NTCP P 

TCP P 

V D 9 5 - 1 0 7 % % 

V D 9 5 - 1 1 0 % % 

meann dose 

SDdDVH H 

VO) ) 

HEART T 

LLUNG G 

PTV V 

PTV V 

PTV V 

PTV V 

PTV V 

CN-C C 

6 6 

1 1 

2 2 

26.1110.9 9 

26.1111.7 7 

26.1111.7 7 

91.611.4 4 

Fl-C C 

0.210.1 1 

1.311.2 2 

65.716.0 0 

88.216.0 0 

82.514.8 8 

87.015.6 6 

98.411.4 4 

PLAN N 

Sl-C C 

0.2+0.1 1 

1.611.6 6 

62.416.0 0 

88.414.5 5 

59.7112.4 4 

75.7111.1 1 

102.011.6 6 

Fl-O O 

0.110.0 0 

4.015.0 0 

73.714.6 6 

89.112.8 8 

75.516.8 8 

82.215.9 9 

100.010.7 7 

SI-0 0 

0.110.0 0 

4.714.4 4 

73.3+2.0 0 

88.613.0 0 

46.318.5 5 

64.618.9 9 

103.911.8 8 

7.5.22 Target Dose Coverag e 

Thee results are summarized in Table 7-2. The FI-C and FI-O plans have average mean 
dosess closest to 100% but are also associated with the highest average maximum target 
dose,, suggesting that the maximum dose applies to a relatively small part of the target 
volumee (compared to the SI-C and SI-O plans). The greatest target dose inhomogenei-
ties,, as measured by the standard deviation (SD) of the differential DVHs (dDVHs), are 
foundd in the SI-C and SI-O plans and the least, in the CN-C plans. 

7.5.33 Organ At Risk Sparin g 

Thee highest normal tissue complication probabilities for late excess cardiac mortality 
aree found with the CN-C plans (e.g. 2.1%). However, adding intensity modulation dra
maticallyy reduces the NTCP to less than equal to 0.2%. The highest normal tissue 
complicationn probabilities for radiation pneumonitis (e.g. 4.7%) are associated with the 
moree optimal beam orientation since more left lung is irradiated from the lateral beam. 
Thee relevance of these numbers is discussed in Section 7.6.4.1. 

7.66 DISCUSSION 

7.6.11 General 

Thee most challenging RT cases are when the PTV and the OR are anatomically adja
centt to each other. ICRU Report 50 [22] recommends the PTV receives between 95% 
andd 107% of the prescribed dose. The adequacy of the treatment plan's dose distribu
tionn depends on: the PTV coverage (as defined by the isodose surfaces encompassing 
thee target), the conformality of treatment and the target dose homogeneity. ICRU Re
portt 50 does not, however, make explicitly clear how to handle intersecting volumes 
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(wheree a voxel is a member of both the PTV and OR) or the related problem of over

lappingg volumes (when the PTV overlaps the OR, as seen through BEV) with conflict

ingg constraints. Part of the difficulty is that ICRU Report 50 recommendations are 

basedd on uniform (conformal) beam experience which may not directly translate to 

non-uniformm (intensity modulated) beams. 

Itt is common practice to renormalize the mean PTV dose to the prescribed dose. Re-
normalizationn is permissible for other breast cancer patient subsets, such as right-sided 
orr small MHDs, where the irradiated heart volume is small. However, renormalization 
off patients with large MHDs and, therefore, large irradiated heart volumes, poses a dif
ficultt clinical dilemma. 

Inn general, OR sparing usually involves: 1) minimizing dose (usually to a larger irradi
atedd volume) or 2) minimizing the irradiated volume (usually associated with an in
creasee in dose). Patients with large MHDs, by definition, have relatively large irradiated 
heartt volumes so OR sparing is usually achieved by minimizing the heart dose. Un-
normalizedd beam weights of the CN-C plans, compared to the renormalized plans, are 
decreasedd by approximately 10% (i.e. from 100% to 91.6%) but, due to the non-linear 
relationshipp between dose and NTCP, this modest 10% decrease in cardiac dose results 
inn a dramatic NTCP reduction from 3.7% to 2.1%. 

AA clinical compromise between PTV coverage and OR sparing must be made. In effect, 
thee objective cost function arbitrates this clinical compromise. The costlets' importance 
factorss were selected such that the heart NTCP tends not to exceed 2%. In cases where 
thee heart NTCP did exceed 2%, the optimization chose to sacrifice PTV coverage. The 
limitedd degrees of modulation freedom found in the CN-C plans mean the entire PTV 
dosee is down-weighted in an effort to spare more heart, resulting in relatively low VD95% 
comparedd to the other plans. The SI and FI plans have a greater degree of modulation 
freedomm so they are able to down-weight only the relevant segments and bixels overly
ingg the heart and, thereby, are able to maintain adequate PTV coverage to the remaining 
breast. . 

7.6.22 Dose Inhomogeneit y 

Thee conventional technique used for adjuvant post-operative RT in breast cancer con
sistss of rectangular tangential fields. Two-dimensional (2-D) treatment planning relies 
uponn only one central slice and assumes it is representative of the whole breast. Clearly 
thiss assumption is untrue since the breast is not shaped like a hemicylinder but rather 
likee a hemisphere. As a consequence, the conventional plans tend to underestimate the 
truee dose inhomogeneity due to the changing surface contour (particularly the 
inframammaryy and areolar regions) and due to the assumed scatter from missing tissue 
outsidee the central slice. 
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Thee dose within the PTV can vary by as much as +27% in some patients [29]. The 

problemm of breast target volume dose inhomogeneity has been a subject of much 

study.. Simplified IMRT techniques have been reported by other groups [6,29-34] but 

mostt of these studies focus on improving target dose homogeneity and cardiac sparing 

iss generally a secondary concern. However, for the patient subset with large MHD and 

aa 2-beam tangential setup, improving the PTV dose homogeneity will also increase the 

irradiatedd heart dose. The goal of a homogeneous target dose distribution should, in 

thiss patient subset, be balanced with the associated risk of complications. 

Tangentiall 2-beam orientations offer limited benefit with respect to heart sparing due 
too its fixed projected geometry (Figure 7-3). Applying more optimal 2-beam orienta
tionss allow better heart sparing (as seen in Table 7-2) but at a cost of increased target 
dosee heterogeneity. The heart is spared by redistributing the dose within the PTV con
cavityy towards the areolar region and this effect is most pronounced for fewer beam 
planss (Figure 7-3). For more optimally oriented 2-beam plans, decreasing the heart dose 
iss associated with an increase in dose elsewhere in the PTV 

Thee three constraints: sparing the heart (i.e. heart <24 Gy) and maintaining a homoge

neouss target dose (i.e. breast >47.5Gy and breast <53.5 Gy) are infeasible. However, 

satisfyingg two of the three constraints, such as sparing the heart and maintaining target 

coveragee (i.e. breast >47.5 Gy), are feasible. Several studies have found a dose-effect 

relationshipp between breast fibrosis and doses greater than 50 Gy [35-38]. For these 

reasons,, the maximum PTV dose constraint was relaxed from the ICRU Report 50 rec

ommendedd 107% to 110%, rather than removed entirely. 

Ass all the post-optimized plans have optimally converged to the global minimum, with 

respectt to segment weights, relaxing some constraints has the effect of tightening oth

ers.. In this study, it was noted that more PTV dose heterogeneity, in general, allows bet

terr OR sparing and better PTV coverage. However, this is at the expense of greater risk 

off breast fibrosis and telangiectasia. 

7.6.33 Treatmen t Techniqu e 

7.6.3.11 Predefine d Segment s 

Conceptually,, these predefined segments can be thought of as the resulting segments 

followingg sequencing of the full fluence intensity profile quantized into 3 intensity lev

elss corresponding to the segments shown in Figure 7-1. The segmentation definition 

assumess there is some correlation between the optimal beam fluence profile and the 

projectivee VOI geometry. Pre-defined segments have several practical advantages. By 

definingg only (relatively) large segments, small and off-axis segments are avoided (which 

mayy result from full fluence segmentation) and patient-specific quality assurance and 

dosee verification is less onerous. 
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Thee dose distributions of the SI-C plans are almost as good as the FI-C plans, suggest

ingg similar fluence profiles between them (Figure 7-4). More importantly, it implies that 

thee 3 intensity levels used in the SI-C plans are sufficient (to approximate the full flu

encee profiles of the FI-C plans) for clinical beam orientations. 

Thee segment definitions used for the SI plans assume the intensity fluence profile is 
convexx in shape. This assumption is valid for the clinical beam orientations but is not 
necessarilyy true for the more optimal 2-beam orientations. The predefined segments 
usedd in optimal beam orientations are less able to approximate the full intensity fluence 
profile,, resulting in less agreement between the dose distributions of the SI-O and FI-
OO plans. Thus, quanti2ing the fluence profile to more than 3 intensity levels or using 
wedges,, at least for the optimized beam orientations, would improve the dose distribu
tion. . 

However,, the differences between the SI-O and FI-O plans are mainly attributable to 
greaterr target dose inhomogeneity (i.e. SD dDVH) rather than target coverage (i.e. 
VD95%).. The FI-O plans can be viewed as a superset of the SI-O plans but with "per
fect"" wedging. The results in Table 7-2 suggest that more intensity levels or optimal 
wedgingg will improve the target dose homogeneity by increasing the PTV volume en
closedd between the 95% and 110% isodose surfaces (i.e. VD95-UO%: 64.6% vs.82.2%). 
Thee magnitude of heart sparing (i.e. heart NTCP: 0.1% vs. 0.1%) and target coverage 
(i.e.. VD95%: 88.6% vs. 89.1%) are roughly comparable between both techniques. Despite 
thee use of only 3 intensity levels, the lack of wedges and greater target dose heteroge
neity,, the TCPs of the SI-O plans are comparable to those of the FI-O plans (i.e. TCP: 
73.3%% vs. 73.7%). 

Whenn comparing the influence of intensity modulation and beam orientation, the re

ductionn in heart NTCP is mainly attributable to the increased degrees of modulation 

freedomm but at the cost of slightly inferior target coverage. The CN-C plans can be 

viewedd as a subset of the SI-C plans which, in turn, can be viewed as a subset of the 

FI-CC plans. So the FI-C plans are expected to be superior. However, even with full in

tensityy modulation, the tangential beam orientations limit to what is achievable in terms 

off heart sparing and target coverage. 

Thee FI-C plans represent the best achievable dose distribution (as defined by the given 

objectivee cost function). If the dose distribution adequately covers the PTV and spares 

thee OR, then the FI-C can be replaced by the corresponding SI-C plan without any 

significantt degradation of the dose distribution. However, if the FI-C plans are clini

callyy unacceptable (due to excessive cardiac irradiation), then the dose distribution can 

onlyy be improved by changing beam orientations or changing treatment modalities (e.g. 

addingg electrons). 
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Applyingg more optimal beam orientations has the effect of increasing the maximum 
PTVV dose and increasing the VD95% while maintaining dramatic heart sparing (from 
2.1%% to 0.2%). As a result, better local control and fewer late cardiac complications are 
expected.. However, this is at the cost of increased target dose heterogeneity and an 
increasedd risk of breast complications. 

7.6.44 Radiobiologi c Model s 

7.6.4.11 Normal Tissu e Complicatio n Probabilitie s 

Ann accurate absolute NTCP model of excessive late cardiac mortality requires accurate 
clinicall data. However, several factors limit the accuracy of these models. These include 
aa long latency period before clinical complications arise, the relatively low incidence of 
radiationn induced cardiac complications with newer RT techniques, the relatively high 
prevalencee of ischemic heart disease in the general population and the absence of good 
dosimetricc and volumetric data in retrospective studies. 

Thee major dose limiting structure in the breast RT of these patients is the heart. Non
uniformm beam intensity techniques (e.g. SI and FI) can dramatically reduce the risk of 
latee excess cardiac mortality (from 2.1% to 0.2%). The validity of the NTCP models 
mustt be carefully assessed. Although the absolute NTCP values should be viewed with 
caution,, they are fitted to clinical outcome data and are useful approximations of risk. 
Relativee NTCP values are helpful for inter-plan comparisons and a small but significant 
reductionn in relative risk is of clinical relevance due to the severity of the complication. 
Moreover,, lower NTCP values will likely result in a lower risk of complication com
paredd to higher values. Even as the NTCP model parameter uncertainty improves with 
moree accurate fitting to available data, the relative ranking of the NTCP values should 
nott significantly change. 

Thee average NTCP for radiation pneumonitis depends on beam orientation. For clini
call beam orientations, independent of treatment technique, the average risk is relatively 
loww (i.e. <1.6%). However, for optimized beam orientations, the risk is higher (i.e. 
<4.7%).. For several practical reasons, lung costlets were not included in the objective 
costt function. Following optimization, the segment weights have converged to the 
globall minimum such that any changes to the segments weights will always increase the 
objectivee cost value. The primary goal of the study was to spare as much heart as pos
siblee while maintaining adequate target coverage. Inclusion of other OR constraints, 
suchh as lung, will always worsen target coverage and/or heart sparing. 

Thee average mean dose for the left lung, for all plans, is relatively low (<12.4 Gy) with 

thee right lung receiving a negligible dose (<0.3 Gy) which is well below the 20 Gy 

thresholdd used in other lung studies. Because only the left lung was considered, the es

timatedd NTCP for radiation pneumonitis is an upper bound. If both lungs are consid-
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eredd as a single parallel organ, then the NTCP is approximately halved. Given that heart 

sparingg and target coverage are the priorities and that the mean lung dose is within ac

ceptablee clinical limits, we made the clinical decision not to sacrifice heart or breast to 

sparee more lung (which including the lung costlet, in effect, does). 

7.6.4.22 Tumou r Contro l Probabilitie s 

Likee the NTCP models, TCP estimates require cautious interpretation of their absolute 

values.. Using VDM»/» by itself is problematic and sometimes misleading since tumour 

controll is a function of the volume and the magnitude of target underdosage. For ex

ample,, the VD95% for the SI-C and the SI-O plans are similar (e.g. 88.2% vs. 88.6%) but 

thee SI-C has a lower TCP (62.4% vs. 73.3%) due to the magnitude of target underdos

age.. In this respect, TCPs are helpful in comparing the relative target coverage between 

differentt plans. These values are not meant to be absolute values but, instead, are to 

providee some biological basis for comparison between the plans. The highest TCPs are 

foundd in the optimally oriented plans, SI-O and FI-O. The SI-C and FI-C plans have 

slightlyy inferior target coverage compared to the CN-C plans but this allows significant 

reductionn in the cardiac dose as can be seen by the dramatic reduction in cardiac 

NTCPs. . 

7.6.55 Clinica l Consideration s 

Thee problem of "skin flash" was not fully discussed. However, it can significantly affect 

thee optimization due to the inclusion of the build-up region. A dummy VOI, based on 

thee expansion of the PTV, is created such that its superficial boundaries extend at least 

11 cm into air. The rules defining segments in the SI plans use the dummy VOI, ensur

ingg the segments handle the skin flash appropriately while the original PTV is used for 

optimization. . 

Alll described plan techniques require a CT scan. Delineation of the VOIs can be time 

consumingg and tedious but is necessary for optimization. Once the beam directions are 

determinedd and an isocentre selected, the segments can be defined using the rules de

scribedd previously. These rules are intentionally simple so any BEV capable TPS can be 

used. . 

Moreover,, if the TPS has a macro scripting function, a script can be devised to auto

matee the entire treatment planning process from segment definition to segment weight 

optimizationn (such as using PlNNACLE's scripting language). In practical terms, this 

providess a significant saving in time and treatment planning resources. As only 6 seg

mentss are defined in the SI plans, the optimization is relatively quick compared to the 

FII plans (usually within 15 minutes). If the target delineation or beam shaping around 

thee high dose volume is improperly done then part of the superficial dose build-up re-
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gionn will be inside the PTY, resulting in spurious regions of low dose [39] which can 
hamperr the optimization. 

Whilee designing the class solution, regional lymph node irradiation was excluded pur

poselyy to avoid complicating the comparisons and evaluations. However, in principle, 

onee can easily modify the SI plan to irradiate the supraclavicular or axillary lymph 

nodess by adding a hanging block, by adding a table rotation or by using a mono-

isocentricc technique. As these additional fields are unlikely to contribute significantly to 

thee heart or lung dose, they are not expected to alter the study's conclusions. 

Beforee the SI technique can be implemented clinically, quality assurance and verification 
mustt be performed. These potential problems must be addressed before the technique 
cann be implemented clinically. Future work includes applying similar methods to the 
irradiationn of other target volumes such as simultaneous boost treatment and inclusion 
off the internal mammary lymph node chain. 

7.6.66 Clinica l Guideline s 

Thee criteria for an acceptable IMRT plan are a matter of clinical judgement and, there
fore,, subject to change as the treatment evolves. At our institution, an adequate dose 
distributionn is defined as: 1) the NTCP for late excess cardiac mortality is <1%, 2) 
>90%% of the relative target volume receives a dose between 47.5 Gy and 55 Gy and 3) 
thee tumour bed receives adequate dose (so medial tumours are relatively contraindi-
cated).. Based on these study results, we follow these clinical guidelines at our centre: 

1.. Generate a conformal plan with clinical tangential beam orientations and 
evaluatee the dose distribution (particularly heart overdosage and breast under-
dosage).. If the dose distribution is acceptable then keep the plan. 

2.. If unacceptable (as expected for left-sided breast cancer patients with large 
MHD),, generate a simplified IMRT plan with clinical beam orientations and re
evaluatee the dose distribution, otherwise keep the plan. 

3.. If unacceptable, generate a simplified IMRT plan with a hinge angle of 210° 
andd re-evaluate the dose distribution, otherwise keep the plan. 

4.. If unacceptable, generate a full fluence IMRT plan with a hinge angle of 210° 
andd re-evaluate the dose distribution, otherwise keep the plan. 

5.. If unacceptable, the treatment technique should be reconsidered (such as ap
plyingg additional beams, modifying beam directions to include non-coplanar 
beams,, changing treatment modality to include electrons or avoiding RT alto
gether)) since a better dose distribution using this technique (i.e. non-uniform 2-
beamm megavoltage photons) is not feasible in practice. 
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7.77 CONCLUSIONS 

Forr clinical uniform 2-beam orientations, significant heart sparing is possible with the 

aidd of intensity modulation but at the expense of worsening target coverage. Simplified 

IMRTT can, for all intents, be substituted for full IMRT for clinical beam orientations. 

Applyingg more optimal non-uniform beam orientations improves P T V coverage while 

maintainingg significant heart sparing but increases the P T V dose heterogeneity. 
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CHAPTERR 8 OVERVIEW W 

8.11 OVERVIEW 

Forr breast conserving therapy, the typical treatment plan for adjuvant radiotherapy em
ployss two tangentially oriented wedged uniform beams. Generally, the field borders are 
determinedd clinically at the time of simulation and the central slice is used to optimize 
thee target dose homogeneity. Regions of high dose are found in the breast, tangential to 
thee beam, particularly the infra-mammary and areolar regions. Wedges are often used as 
missingg tissue compensators to improve dose homogeneity along the axis of the dose 
gradientt but, because they only wedge along a single axis, they cannot completely com
pensatee the breast in orthogonal directions. The standard wedged tangential uniform 2-
beamm treatment technique has several disadvantages and this chapter discusses the 
ramificationss of the study results on the problems identified. 

8.22 DOSIMETRIC CONCERNS 

Treatmentt planning based on the central slice, as done with the standard treatment 
technique,, introduces several potential dosimetric errors. Because the central contour is 
nott representative of the entire breast, the standard technique ignores missing tissue 
effectss and tends to underestimate regions of high dose often found in the infra-
mammaryy fold of the breast. Furthermore, the inherent setup uncertainly associated 
withh treatment planning (due to sampling error from the CT scan) and treatment execu
tionn (due to stochastic repositioning of the patient) tends to "blur" the target dose dis
tributionn and adds to the dose calculation errors. 

Thee influence of setup uncertainty is made more complicated by the variant effects of 
contourr changes and tissue inhomogeneities. Many studies assume the dose distribu
tion,, as a function of setup uncertainty, is modeled analytically with rigid body transla
tionss and rotations [1-4]. For some disease sites, such as prostate, the influence of these 
variantt effects on the dose distribution is limited. Although not necessarily true for all 
cases,, it greatly simplifies the modeling because dose convolution is fast compared to 
dosee recalculation. 

Forr the breast, however, both effects are in play so assuming invariant dosimetric ef
fectss is inaccurate. The variant effect of contour changes can be demonstrated by ex
ample.. Consider a uniform beam exactly conforming around a spherical target with a 5 
cmm radius suspended in air. Suppose there is a 1 cm setup error along, say, the positive 
laterall axis. If we assume the dose distribution to be invariant, like a rigid body, and 
translatee the dose distribution 1 cm along the positive lateral axis then we ignore the 
contourr outline of the target and (incorrectly) assume dose in air. 

Thee variant effect of tissue inhomogeneities is more difficult to quantify. Ginestet et al 
determinedd the dosimetric influence of pelvic tissue inhomogeneities, such as bowel 
gass and bone, and found up to 3.1% underdosage at the I CRU point when correcting 
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forr tissue inhomogeneities [5]. This effect is small relative to other sites, such as lung 
[6],, where contour changes and tissue inhomogeneities can significantly influence the 
dosee distribution, violating the assumption of an invariant dose distribution. A correct 
modell should accurately incorporate variant effects (i.e. contour changes and tissue in
homogeneities)) by recalculating the dose distribution for each setup error before 
convolutingg it with the probability density function. The magnitude and significance of 
thesee variant effects are difficult to quantify since incorporating these variant effects 
intoo the dose calculation are computationally expensive. 

Basedd on the study in Chapter 2, we conclude that variant effects can be ignored in 
mostt clinical cases if the setup uncertainty is symmetrical. This is particularly useful 
findingg suggests that all previous work involving convolution of a rigid invariant dose 
distribution,, although theoretically incorrect, is still dosimetrically valid as long as the 
convolutionn function is clinically reasonable and symmetric. (Symmetrical convolution 
functionss have a mean of zero). 

AA fast, efficient method using a splinic interpolation algorithm is described in Chapter 2 
andd applied to correct for variant effects. Interpolation can efficiently calculate the vari
antt effects on the dose distribution as a function of setup uncertainty. 

Oftenn the setup uncertainty is divided into random and systematic errors [3,7]. In gen
eral,, systematic errors are more significant than random errors, in part, because random 
errorss tend to be symmetrical and, thus, self-compensating Organ motion can behave 
likee a random or a systematic error, depending on the properties of movement. Organ 
motionss that are cyclical, have a cycle frequency much shorter than the treatment time 
andd associated with small displacements, tend to behave more like random errors and 
are,, therefore, less dosimetrically important. The dosimetric effect of this type of organ 
movementt can be ignored, such as breathing and cardiac motion. This has been con
firmedd by a study by Engelsman et al [8] who concluded that respiratory movement was 
lesss significant than systematic errors. Other organ movements, such as bladder or rec
tall filling, behave like systematic errors due to the long filling time cycle relative to the 
treatmentt time. 

8.33 TREATMENT TECHNIQUE 

Thee past experience in adjuvant breast RT dealt almost exclusively with uniform tan-
gentiallyy oriented beams (with or without wedges). Some studies [9,10] suggest that to 
impactt overall survival, the target should also include the internal mammary chain 
(IMQQ lymph nodes. Because the IMC lies, anatomically, near the upper medial aspect 
off the breast, inclusion of these lymph nodes in the planning target volume (PTV) 
greatlyy complicates treatment by effectively increasing the volume of heart within the 
tangentiall irradiating fields, increasing the overlap between the PTV (i.e. breast and 
IMQQ and the heart. 
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Inn Chapter 3, three different planning techniques were compared: 

Wid ee split tangent technique. These are essentially a uniform conformal technique 
withh a partial heart block. In order to maintain adequate PTV coverage, the optimiza
tionn accepts relatively more dose to the heart. 

Obliqu ee electron technique. An abutting oblique parasternal electron field is added 
too irradiate the IMC superficially and to spare the deeper structures such as the lungs 
andd heart. Junctioning between electrons and photons are always problematic and can 
addd significantly to the target dose heterogeneity. Some treatment planning systems 
cannott optimize electron and photon field weights simultaneously so these must be 
donee by hand. There is a tendency for the electron field to underdose the IMC com
paredd to the breast. 

Intensityy Modulated Radiotherapy technique. This is almost identical to the wide 
splitt tangent technique, with respect to beam setup, but with non-uniform rather than 
uniformm beams. As noted earlier, it is a superset of the wide split tangent technique 
and,, thus, must be at least as good. 

Forr a given treatment setup and treatment technique, there is a theoretical limit to the 
bestt achievable dose distribution. This is, in part, related to the area of overlap between 
thee PTV and organ at risk (OR), as seen by beam's eye view (BEV), especially if the OR 
iss superficial to the PTV In this situation, because of greater beam attenuation with 
depth,, the OR receives a higher dose than the PTV from a single ray (or beamlet). 
Non-uniformm beams can adjust the beamlet weights to minimize its associated cost. 
Uniformm beams, due to their limited degrees of freedom, cannot modify the intensity 
off individual beamlets and are, therefore, unable to spare the OR adequately without 
significantlyy underdosing the remaining PTV. Mixed modality beam techniques, in ef
fect,, divide the medial beam into two "segments": the parasternal electron field and the 
mediall photon field. In this sense, these plans have an intermediate degree of freedom, 
inn between the uniform and non-uniform plans. The IMRT plans are visibly inferior to 
thee 3DCRT wide split tangent plans with respect to target coverage but this is compen
satedd by the relative advantage attributable to the superior heart sparing. 

Optimall non-uniform beams have more degrees of freedom so they are, in principle, 
alwayss at least as good as optimal uniform beams. However, the marginal benefit of 
non-uniformm beams diminishes with less overlap between the PTV and the OR. There
fore,, for right sided patients and patients with small maximum heart distances (MHDs), 
thee standard conformal uniform beam techniques are, for the most part, adequate. 
Non-uniformm beams are better suited to treat high-risk patient subsets with large 
MHDss or very concave target geometry (e.g. when the internal mammary lymph node 
chainn included). 
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Wee conclude that the IMRT plans result in improved cardiac sparing but at the expense 
off some target underdosage (corresponding to the overlap between the PTV and 
heart).. The heart sparing found in the oblique electron plans was similar to the IMRT 
planss but the IMC coverage was suboptimal. Non-uniform beams are best suited for 
higji-riskk patients with large MHDs. The wide split tangent plans tend to overdose the 
heartt compared to the other plans. Despite the optimization and presence of a partial 
heartt block, the limited degrees of freedom of the uniform beam handicaps the best 
achievablee dose distribution. As long as significant projective overlap between the PTV 
andd OR exists, a clinical trade-off must be made. Beam fluence optimization, by itself, 
cannott adequately resolve this clinical trade-off because tangential beam orientations 
limitt the benefit of intensity modulation. Intensity modulation is least advantageous 
whenn beam orientations are parallel. The projective overlap between the PTV and OR 
cann be reduced if other more optimal beam orientations are considered. 

8.44 TREATMENT COMPLICATIONS 

Earlyy stage breast cancer patients have long disease-free survivals and excellent overall 
prognoses.. Immature follow-up and under-recognized treatment complications will 
tendd to overestimate the therapeutic index and the lead-time bias may unfaidy favor one 
treatmentt plan over another. In the past, most IMRT studies concentrated on treatment 
outcomes,, specifically target dose homogeneity, with less emphasis on treatment com
plicationss [11-14]. Late cardiovascular complications are associated with cardiac dose 
[15-22]] but its true incidence is difficult to estimate due to: long latency interval, popu
lationn baseline prevalence and lack of reliable dosimetric and volumetric data correlated 
withh treatment outcome. Therefore, the standard adjuvant breast RT technique used on 
patientss with large MHDs will overestimate the therapeutic index if these associated 
treatmentt complications are ignored. 

Determiningg the best treatment technique to spare heart for left-sided breast cancer 
requiress a fair evaluation and comparison of different treatment techniques. Similar 
dosee distributions are assumed to result in similar outcomes. Therefore, by normalizing 
thee target coverage of the different treatment techniques and comparing the normal 
tissuetissue complication probabilities (NTCP), it is possible to rank which treatment tech
niquee is best. 

Forr the heart, a relative seriality model for late excess cardiac mortality with parameters 
derivedd from Ga^iardi et al [20] was employed. For the lungs, the NTCP model for ra
diationn pneumonitis from a study by Kwa et al [23] was used. Recall that the area of 
overlapp between the PTV and OR, as seen from BEV, correlates with the difficulty in 
achievingg an adequate dose distribution; the less the overlap, the easier it is to cover the 
PTVV and spare the OR (and vice versa). The greater the overlap (or MHD), the worse 
thee dose distribution and the hi^ier the risk of late excess cardiac mortality (assuming 
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thee same dose to the PTV). The validity of various dose-volume histogram reduction 
schemess and NTCP models is a source of much debate [24-30]. The models used in the 
study,, despite their obvious shortcomings, still represent the best fit to the available 
clinicall data. 

Wee conclude that although the absolute model values should be viewed with caution, 
thee relative values are helpful for inter-plan comparisons. As better, more accurate data 
becomee available, the models should continue to improve as well. For similar target 
coverage,, modifying the treatment from a uniform 3DCRT to a non-uniform IMRT 
plan,, reduces cardiac complication rates by almost 70%, on average. The extra degrees 
off freedom provided by non-uniform beams allow better conformality of dose around 
thee breast and, therefore, better sparing of the adjacent organs at risk. 

8.55 OPTIMAL BEAM ORIENTATIONS 

Non-uniformm tangential beam techniques can achieve even better dose distributions if 
moree optimal beam orientations are used. Hinge angles are defined as the subtended 
arcc angle between the central beam axes. Recall that tangentially oriented beams with 
hingee angles near 185° are (nearly) optimal for uniform beams. However, the optimal 
beamm orientation for non-uniform beams contain hinge angles of 160° or 210°. We 
expectt the hinge angles to be different for uniform and non-uniform beams since paral
lell beam orientations limit the benefit of IMRT. 

Quantifyingg the benefits of optimal beam orientations is not straightforward since the 
optimall beam orientation must be found first. Determining the optimal non-uniform 
beamm orientation, it turns out, is extremely difficult to solve mathematically because it is 
aa non-deterministic polynomial time (NP) hard problem if no assumptions are made 
aboutt the dose corresponding to the segment [31]. The optimal solution cannot be 
known,, a priori, without resorting to an exhaustive "brute-force" search. This is mathe
maticallyy related to the presence of multiple minima within the search space and the 
non-linearr nature of the problem. The beam orientation search space is potentially infi
nitee and expands exponentially with every additional beam. The problem rapidly be
comess impractical, even for a moderate number of beams (e.g. n>2). 

Thee topic of optimization is a rich area of mathematical research, primarily because of 
itss practical applicability in many diverse areas. The two main types are stochastic and 
deterministic.. In theory, both should eventually converge to the same optimal solution 
(assumingg the same objective cost function), unlimited time and infinite computational 
resources.. For any given optimization algorithm, there is a compromise between speed 
(efficiency)) and rigor (exactness). 

Stochasticc optimizations, such as simulated annealing algorithms, use statistical methods 
too select and evaluate possible solutions. These algorithms are very robust but usually 
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lesss rigorous since they do not necessarily converge to the global minimum (within a 

finitee time). Some deterministic optimizations, such as steep gradient search algorithms, 

aree extremely efficient because they exploit useful properties of the search space, such 

ass partial derivatives (e.g. Hessian matrices). However, this type of optimization is only 

suitablee for a limited class of problems with one minimum inside the feasible search 

spacee [32]. Recall that the optimal beam orientation problem, without other assump

tions,, is NP hard. This implies that the beam orientation search space contains multiple 

minimaa with at least one global minimum. 

Duee to the complexity of the problem, we initially studied the simpler case involving 

uniformm beams in Chapter 5 to gain insight into some of the more subtle aspects of 

thee problem. The clinical test case selected was a pituitary adenoma due to its difficult 

anatomicc location, the many nearby critical structures and closed vertex (which allows 

moree beam directions to be evaluated). The main study assumptions were that: 1) there 

iss only one conformal beam, 2) beam attenuation in media is negligible and 3) favoured 

beamm orientations are those that tend to avoid critical structures. 

Differentt critical structures are given different qualitative scores, depending on their 

relativee importance. For a given BEV, all the ORs are identified, the type (or lack) of 

overlapp (e.g. proximal hit vs. distal hit vs. miss) is determined and the qualitative score is 

evaluated.. The BEVs are exhaustively searched and the results plotted as a Mercator 

projectionn called a target-eye-view (TEV) map. The best beam directions tend to avoid 

thee most critical structures such as the lens and optic apparatus. However, the study is 

limitedd to uniform beams and extrapolating the results to non-uniform beams may not 

necessarilyy apply. 

Thee next clinical site, presented in Chapter 6, is left-sided breast cancer. The study aims 

are:: 1) to determine and document the optimal 2-beam orientation that best spares the 

heartt for left-sided breast cancer patients and 2) to investigate the influence of the 

treatmentt technique (i.e. conformal uniform beams vs. intensity modulated non

uniformm beams) on the optimal objective cost function. The non-uniform beam tech

niquee used is called simplified intensity modulated radiotherapy (sIMRT) that uses pre

definedd segments based on projective VOI geometry. 

Thee axial beam directions were discretized into 5° increments so each beam had 72 

possiblee beam directions. For 2 beams, 5184 (72x72) beam combinations need to be 

evaluatedd and the search space increases exponentially as the number of beams, n, in

creasess (e.g. 72"). The complete search space was evaluated and the best solution se

lected.. This guarantees finding the global minimum but becomes extremely inefficient 

forr large search spaces. 

IMRTT techniques promised better PTV coverage with a homogeneous dose (between 

95-107%% of the prescribed dose) and better OR sparing. However, for a certain patient 
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subset,, this cannot be achieved. More than a quarter of left-sided breast patients (i.e. 
27%)) present with a MHD greater than 2.0 cm. For these patients, employing overly 
stringentt constraints on target dose homogeneity may unfairly handicap the algorithm's 
abilityy to optimize the dose. Our results suggest that optimizing beam orientations re
distributess the dose within concave target volumes. The dose redistribution is most 
prominentt with fewer beams. In practice, the dose shifts away from the heart (enclosed 
withinn the convex hull of the target) to the remaining breast volume, adding to target 
dosee heterogeneity. 

Optimall beam orientations, in contrast to optimal beam fluence profiles, are relatively 
robustt with respect to the objective cost function. Changing the weighting factors, even 
upp to 4 orders of magnitude, or redefining the dose constraints to a tenth of the origi
nall values (i.e. minimum breast dose 4.75 Gy, maximum breast dose 6 Gy, maximum 
heartt dose 2.4 Gy, etc.) has little impact on the optimal 2-beam orientation, despite the 
clinicallyy inadequate dose distributions (e.g. breast mean dose 5.5 Gy). Modifying these 
functionn parameters will modify the absolute objective cost values but the relative rank
ingg of the different beam orientations remain essentially unchanged (e.g. . 

Thee optimal beam orientation depends on the VOI geometry, the VOI constraints and 
thee treatment technique (uniform vs. non-uniform). Optimal non-uniform IMRT beam 
orientationss are, in general, different from optimal uniform 3DCRT beam orientations. 
Forr a given beam orientation, non-uniform beams are always at least as good as uni
formm beams, all else being equal. This is intuitively obvious since non-uniform beams 
aree a superset of uniform beams. If we examine the non-uniform beam solution space, 
thee region surrounding the global minimum is relatively flat but contains a local maxi
mumm near a hinge angle of 180° (see Figure 6-3D). This local maximum separates the 
locall minima at a hinge angle of 160° and 210°. The adjacent local minimum is almost 
ass good as the global minimum. This implies near-optimal beam orientations ) and 
near-optimall local minima (near hinge angles of 160° and 210°) are almost as good as 
thee global minimum of optimal beam orientations. This is consistent with the results of 
otherr studies [33-37] and justifies "fixing" the hinge angle used in the class solution to 
210°° [38]. 

Thee expected benefit of using optimal beam orientations compared to the tangential 

beamm orientation is shown in Figure 7-5. This represents the average patient and it 

clearlyy demonstrates better target coverage and better organ at risk sparing with optimal 

beamm orientations. So, although the relative benefit may appear to be small, it is, none

theless,, clinically relevant. However, the true benefit of optimal beam orientation de

pendss on its deviation from theoretical ideal. Because the problem is NP hard, one can 

neverr be certain the stochastic optimization has converged to the true global minimum 

(i.e.. theoretical ideal). Non-uniform optimally oriented plans have more degrees of 
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freedomm than uniform tangentially oriented plans so they, in principle, are better since 
thee magnitude of benefit generally tends to increase with the plan's degree of freedom. 

Fewerr beams, in general, means less scatter dose and simpler treatment delivery. Al
thoughh the risk of second primaries in the contralateral breast following post-RT ap
pearss small [39-41], it is statistically significant. Thus, effort should be directed at re
movingg any unnecessary radiation exposure to the contralateral breast. For these rea
sons,, the number of beams was limited to two. 

Wee conclude that the optimal hinge angles for uniform and non-uniform beams are 
186°° and approximately 160° or 210°, respectively. The optimal hinge an$e for uniform 
beamss minimizes overlapping VOIs by matching the beam divergence along the dorsal 
fieldd edge. Moreover, the selected hinge angle exactly matches the typical clinical hinge 
angje,, adding confidence that the exhaustive search selected the correct (i.e. best) beam 
orientation.. The optimal hinge angle for non-uniform beams is related to the VOI ge
ometryy and maximizes the conformality of the dose distribution around the PTV. 

8.66 CLINICAL IMPLEMENTATION 

Thee specific purpose is to devise a class solution for left-sided breast cancer patients to 
sparee heart using simplified IMRT with predefined segments. The intent is to merge all 
thee technical improvements discussed in the previous studies under one treatment 
technique. . 

Thee simplified IMRT (sIMRT) technique is designed to maintain conformal dose dis
tributionss almost as good as full fluence IMRT (flMRT) while keeping the treatment 
planningg and treatment delivery complexity to a minimum. sIMRT is compared to 
flMRTT and 3DCRT plans for 2 sets of optimal beam orientations, uniform (i.e. -185°) 
andd non-uniform (i.e. 210°). Optimal beam orientations are derived from the previous 
study. . 

Somee authors [42,43] compared multibeam IMRT techniques (i.e. n>2) to standard 
conformall techniques and found the former to be better. While these papers are impor
tantt to document and to establish the efficacy of IMRT, the conclusions themselves are 
obvious.. According to set theory, additional optimized beams, all else being equal, will 
neverr degrade the plan. Clearly, an optimal 3 (or more)-beam plan is superior to an op
timall 2-beam plan. We observe, however, these studies are comparing suboptimal 2-
beamm plans to suboptimal 3 (or more)-beam plans, with respect to beam orientation, so 
theirr conclusions are not necessarily valid when comparing an optimal 2-beam plan, like 
thee one described in this study, with their (suboptimal) 3 (or more)-beam plan. Similarly, 
manyy studies [14,44-50] have compared tangential IMRT plans with tangential confor
mall plans and concluded the former are better. This conclusion is completely expected 
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andd consistent since tangential IMRT plans are a superset of tangential conformal 
plans. . 

Forr optimal non-uniform beam orientations, the dose distributions are better con

formedd around the PTV, resulting in better sparing of adjacent ORs. flMRT plans with 

optimall uniform beam orientations are inferior to the sIMRT plans with optimal non

uniformm beam orientations. This is significant for two reasons. First, tangential flMRT 

planss represents the best achievable dose distribution (for a given objective cost func

tion).. This implies that the plan is at least as good as all other IMRT techniques with 

thee same beam orientation and beam modality. Because the sIMRT plan with optimal 

non-uniformm beam orientations is better than the flMRT plan with optimal uniform 

beamm orientations, the sIMRT with optimal non-uniform beam orientations must be 

betterr than all other IMRT techniques with optimal uniform beam orientation and the 

samee beam modality. Second and related to the first, all tangential IMRT technique can 

bee improved by modifying the hinge angle from -185° to 210°. 

Wee conclude that for any given beam orientation, flMRT plans are the best and 
3DCRTT plans are the worst. For optimal uniform beam orientations, the dose distribu
tionss for the sIMRT and flMRT plans are almost identical. There is significant reduc
tionn in late excess cardiac NTCP, compared to 3DCRT plans, but at a cost of some 
targett underdosage. The underdosed target volume is generally found at the medial as
pectt of the breast, near the heart segments. Although it tends to be small, the magni
tudee of underdosage varies so medially located tumors are regarded as relative contra
indications,, depending on the target dose distribution. 

Thee results suggest that, for optimal uniform beam orientations (i.e. -185°), sIMRT 
planss can substitute for flMRT plans without significant degradation in the dose distri
bution.. However, this does not always hold for optimal non-uniform beam orientations. 
Thee optimal beam fluence profile depends on the beam orientation. In effect, the 
sIMRTT plan attempts to approximate the fluence of the flMRT plans using simple pre
definedd segments. The rules defining segmentation assume the fluence profile is convex 
but,, for some beam directions, this is not true so the resulting segments may be too 
coarsee in size. Quantizing the fluence profile to more than 3 intensity levels or using 
wedges,, at least for the optimized beam orientations, would improve the dose distribu
tion. . 

However,, the differences between the plans are mainly attributable to greater target 

dosee inhomogeneity (i.e. SD dDVH) rather than target coverage (i.e. VD95%). The 

flMRTT plans can be viewed as a superset of the sIMRT plans but with "perfect" wedg

ing.. The results in Table 7-2 suggest that more intensity levels or optimal wedging will 

improvee the target dose homogeneity by increasing the PTV volume enclosed between 

thee 95% and 110% isodose surfaces (i.e. VD95110%). The magnitude of heart sparing (i.e. 
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heartt NTCP: 0.1% vs. 0.1%) and target coverage (i.e. VD95%: 88.6% vs. 89.1%) are 
rougjilyy comparable between both techniques. Despite the use of only 3 intensity levels, 
thee lack of wedges and greater target dose heterogeneity, the TCPs of the sIMRT plans 
aree comparable to those of the flMRT plans (i.e. TCP: 73.3% vs. 73.7%). 

Scriptingg functionality provides potentially huge saving in terms of time and efficiency. 
Becausee the segments are defined using simple rules, a generic script can be written 
oncee and applies to multiple patients. 

Thee class solution is not meant for all left-sided breast cancer patients and it is expected 
too be useful in only a small minority of patients who present with a large amount of 
heartt within the tangential irradiated field. However, it is precisely this patient subset 
thatt presents the greatest radiotherapeutic challenge for radiation oncologists. Even 
thoughh this subset may be small, they are important for several reasons. First, there is, 
att present, no simple clinical technique available. Second, despite their small relative 
incidence,, breast cancer patients represent up to a third of new cases so the absolute 
numberr is, in fact, quite substantial. Third, treatment outcomes for early stage breast 
cancerr are excellent so the relative importance of late complications is greater. Late car
diacc complications can present more than a decade after the initial RT so (relatively) 
shortt follow-ups, even up to 5 years, must be assumed to be conservative estimates of 
outcome. . 

Criteriaa for an acceptable IMRT plan are a matter of clinical judgement. The following 
aree not meant to be absolute concrete recommendations and are subject to change as 
ourr treatment evolves. At our institution, an adequate dose distribution is defined as: 1) 
thee NTCP for late excess cardiac mortality is <1%, 2) >90% of the relative target vol
umee receives a dose between 47.5 Gy and 55 Gy and 3) the tumour bed receives ade
quatee dose (so medial tumours are relatively contraindicated). Based on these study re
sults,, we follow these clinical guidelines at our centre: 

1.. Generate a conformal plan with clinical tangential beam orientations and 
evaluatee the dose distribution (particularly heart overdosage and breast under-
dosage).. If the dose distribution is acceptable then keep the plan. 

2.. If unacceptable (as expected for left-sided breast cancer patients with large 
MHD),, generate a simplified IMRT plan with clinical beam orientations and re
evaluatee the dose distribution. If acceptable then keep the plan. 

3.. If unacceptable, generate a simplified IMRT plan with a hinge angle of 210° 
andd re-evaluate the dose distribution. If acceptable then keep the plan. 

4.. If unacceptable, generate a full fluence IMRT plan with a hinge angle of 210° 
andd re-evaluate the dose distribution. If acceptable then keep the plan. 

5.. If unacceptable, the treatment technique should be reconsidered (such as ap
plyingg additional beams, modifying beam directions to include non-coplanar 
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beams,, changing treatment modality to include electrons or avoiding RT alto
gether)) since a better dose distribution using this technique (i.e. non-uniform 2-
beamm megavoltage photons) is not feasible in practice. 

8.77 FUTURE WORK 

8.7.11 Biophysica l Model s 

Inn the Introduction, the two related radiotherapy domains, physical and biological, are 

described.. Technical improvements, particularly in treatment planning and radiation 

physics,, have changed the field of radiotherapy. For the most part, the physical interac

tionss at the microscopic level are well understood and, therefore, predictable. Accurate 

Montee Carlo simulations [51-54] rely on the correct modeling of these atomic events. 

However,, clinical outcomes fall within the biological domain and our understanding of 

tumourr and normal tissue radiobiology is still incomplete. 

Thee ultimate aim is to optimize clinical outcomes directly rather than using the dose 

distributionn indirectly to estimate clinical outcomes. The radiation oncologist implicitly 

mapss physical dose to clinical outcome and, thereby, arbitrates between different dose 

distributions.. In order to optimize clinical outcome, the dose-effect relationship must 

bee made explicitly clear. In this respect, biophysical models are expected to play an in

creasinglyy important role since they map physical dose to clinical outcome. 

8.7.1.11 Target Dose Recommendation s 

Recently,, there is growing interest in applying IMRT or similar techniques to improve 

thee target dose homogeneity. Interestingly, employing oligo-beam IMRT to spare or

ganss at risk increases the target dose heterogeneity. ICRU Report 50 [55] recommends 

thee PTV receive between 95% and 107% of the prescribed dose. The adequacy of the 

treatmentt plan's dose distribution depends on: the PTV coverage (as defined by the 

isodosee surfaces encompassing the target), the conformality of treatment and the target 

dosee homogeneity. ICRU Report 50 does not, however, make explicitly clear how to 

handlee intersecting volumes (where a voxel is a member of both the PTV and OR) or 

thee related problem of overlapping volumes (when the PTV overlaps the OR, as seen 

throughh BEV) with conflicting constraints. 

Assumingg a dose-effect relationship exists, more dose to more volume of the target will 

alwayss result in improved local control. However, the upper dose is always bounded by 

complications/ORss since the delineated breast PTV also contains other normal tissue 

(such(such as glandular tissue). These VOI constraints must also be considered. Therefore, 

maximumm dose constraints should be linked to the dose-limiting PTV normal tissue 

tolerancee (e.g. fibrosis and telangiectasia) rather than the somewhat arbitrary 107% of 

thee dose in the PTV (as recommended in ICRU Report 50). 
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Thiss also highlights another shortcoming of relative dose thresholds for ORs. By defi
nition,, the dose thresholds used for ORs are in absolute dose since relative dose 
thresholdss are dependent on the prescribed dose to the target. For example, if a relative 
dosee threshold of 54% of the prescribed dose is used for the heart, then it must be 
modifiedd if the prescribed dose is escalated. 

8.7.1.22 Dose Fractionatio n 

Implicitt in the definition of therapeutic index is that the index is maximal at some 
treatmentt dose. The standard target dose prescriptions are empirically derived from 
olderr conformal uniform beam techniques and do not necessarily apply to the newer 
non-uniformm beam techniques. The dose-limiting organs at risk constrains the target 
dose.. With IMRT, relatively more organ at risk can be spared for the same target dose. 
Forr example, with uniform beams, the dose to the organs at risk may be 60% of the 
prescribedd target dose while it may be only 30% for non-uniform beams for similar 
targett coverage. The greater relative dosimetric sparing of organs at risk has two related 
implications.. First, the therapeutic index can be improved by either increasing target 
dosee without increasing organ at risk dose and/or decreasing organ at risk dose without 
decreasingg the target dose. Second, the therapeutic index can be improved by accelerat
ingg the fractionation without necessarily increasing the organ at risk fraction size and, 
therefore,, improve tumour control, reduce overall treatment time and maintain similar 
normall tissue complications compared to uniform beam techniques. The latter point 
hass obvious practical implications in terms of treating patients, particularly if dose 
escalationn becomes more and more accepted and overall treatment times become 
longerr and longer. 

Solvingg the problem of optimal dose prescriptions requires a better understanding of 
biophysicall models, particularly accurate and precise tumour control probability and 
normall tissue complication models. Truly effective treatment cannot be developed 
withoutt explicitly understanding the relationship between the physical and biological 
domainn spaces. Better recording, analysis and follow-up of patients are necessarily to 
providee more accurate and precise model parameters. This is complicated by the long 
latencyy period for some late effects such as radiation induced cardiac mortality. More 
effortt should be directed in developing and validating surrogates for late effects. Mature 
dataa of several decades is needed but if some reliable short term surrogate, such as 
cardiacc perfusion scans, could be shown to correlate with late cardiac mortality, then it 
wouldd greatly help in the understanding and prediction of late complications. 

8.7.22 Imagin g 

Duee to advances in technology, there has been much interest in incorporating sophisti

catedd imaging into the radiotherapeutic chain. Imaging can be broadly divided into two 

mainn groups: anatomical and functional. These groups are not mutually exclusive since 
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somee modalities can be used in novel ways, providing both anatomical and functional 

information. . 

8.7.2.11 Anatomica l Imagin g 

Volumetricc data, usually a CT scan obtained at the beginning of treatment, is necessary 

forr full 3D treatment planning. However, this introduces a sampling error since the pa

tientt geometry used during treatment planning is not always the same as treatment de

livery.. As a result, wider target margins are needed to ensure adequate PTV coverage. 

Simulatorr films are taken at the time of treatment delivery to ensure correct patient 

positioning.. However, the simulator films are of poor image quality, inconvenient and 

resourcee intensive. 

Mammographyy is widely used for breast imaging but, unfortunately, distorts the breast 

anatomyy due to compression. Cone beam CT imaging [56-58] provides higher quality 

imagess and full 3D volumetric data. Several studies [59,60] conclude that cone beam CT 

cann "potentially provide significantly better low-contrast detectability of breast tumors 

andd more accurate location of breast lesions" compared to mammography. Better local

izationn of breast lesions should result in tighter surgical margins and, hopefully, less 

post-operativee morbidity.. 

Anotherr interesting solution is incorporating treatment delivery and imaging into one 

unit,, combining two links of the radiotherapeutic chain into one. Prototypes combining 

aa linear accelerator with a cone-beam CT are currently being investigated [61]. Because 

highh quality volumetric information can be acquired at the time of treatment, the 

treatmentt fraction can be adjusted and/or repositioned on a daily basis and, thereby, 

minimizee systematic setup errors. As treatment planning systems become faster and 

moree sophisticated, a new daily treatment plan, incorporating previous fractions and 

patientt geometry, can be re-planned on the fly, allowing the treatment to be tailored to 

eachh individual. 

Somee breast lesions are difficult to localize with conventional x-ray imaging due to: 

theirr small size, possible organ movement, lesion density similar to normal glandular 

tissuee as well as obscuring fibro-glandular tissue. Other modalities, such as MRI, are 

beingg investigated. MRI can be used for both anatomical and functional imaging, de

pendingg on its image acquisition settings. Qualitative morphical features, such as radial 

gradientt and margin sharpness analysis, were correlated with the likelihood of malig

nancyy using linear discriminant analysis [62,63]. The desired image sensitivity and speci

ficityy can be adjusted by modifying the appropriate receiver operating characteristic. 

Computerizedd MRI analysis a tool to aid in diagnosis and not meant to replace the ra

diologist. . 
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8.7.2.22 Functiona l Imagin g 

Afterr obtaining a CT scan, the treatment planning system must be explicitly told which 
voxelss belong to which VOL This process is called delineation and accurate delineation 
iss a well known problem [64-66]. Hurkmans et al [67] found the ratio of the common 
overr the encompassing delineated breast volumes to be approximately 0.80 and 0.43 for 
intra-- and inter-observers, respectively. Higher quality imaging and pathologic studies 
correlatingg disease with glandular breast tissue are expected to reduce observer varia
tion. . 

Followingg lumpectomy, the breast, in principle, should not contain any gross tumour. 
However,, delineation of the breast may be inaccurate or imprecise due to lack of 
clearlyy visible tissue planes and poor anatomic detail. With functional imaging, one can 
selectivelyy visualize specific physiological processes, such as perfusion and metabolism. 
Att present, occult sub-clinical residual disease cannot be easily seen on CT so the whole 
breastt is considered at risk. However, if sub-clinical disease can be visualized with func
tionall imaging, then regions of high clonogen density can be localized. Tumour control 
cann be improved by adding a boost dose to these regions. Bartelink et al [68] demon
stratedd significantly improved local control after boosting the surgical bed (50+16 Gy) 
comparedd to no boost (50 Gy), particularly patients younger than 50 years of age. 
Imagingg disease and modifying dose, assuming a non-uniform clonogen density, implies 
heterogeneouss target dose distributions which are better suited to IMRT, rather 
3DCRT,, techniques. 
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Chapterr  1 introduces a general overview of the thesis and the topics of study. A brief 
historyy of breast cancer and its treatment are provided. The evidence and rationale for 
adjuvantt breast radiotherapy (RT) are discussed. Left-sided breast cancer patients with 
largee irradiated heart volumes are identified as patients at high risk for late cardiac mor
tality.. Given that adjuvant breast RT is associated with cardiovascular events, improving 
breastt radiotherapy would be of particular concern and benefit in this patient subset. 

Chapterr  2 evaluates the variant dosimetric effects of contour changes and tissue inho-
mogeneities,, as a function of setup uncertainty, for a "worst-case" lung cancer patient. 
Usually,, the planned dose distribution is convolved with a probability function, assum
ingg an invariant (i.e. rigid body) dose distribution. However, such an assumption neces
sarilyy neglects the variant dosimetric effects of varying contours and tissue inhomoge-
neitiess during the convolution itself. The consequences of invariant and variant effects 
aree examined and compared. The results suggest: that variant effects are negligible as 
longg as the setup uncertainty probability convolution function is symmetrical and that 
rigidd body dose distributions, although technically incorrect, are sufficiently accurate in 
practicee to be used in most convolutions. 

Chapterr  3 compares non-uniform beam (intensity modulation radiotherapy, IMRT) 
againstt uniform beam (wide split tangents) and mixed modality (oblique electrons) 
treatmentt plans irradiating the left breast and internal mammary lymph node chain 
(IMC).. All plans are normalized to the mean breast dose to allow an unbiased compari
sonn between the estimated complication rates of the organs at risk (OR). The IMRT 
plann provides the best compromise in terms of OR sparing and target coverage. The 
widee split tangent plan tends to overdose the heart while the oblique electron plan 
tendss to underdose the IMC. 

Chapterr  4 compares the reduction in cardiac and pulmonary complication rates be
tweenn wedged rectangular, wedged conformal and intensity modulated beam plans for 
thee left breast. All plans are normalized to the mean target dose. Modifying the treat
mentt technique, all else being equal, from rectangular to conformal to intensity modu
latedd beams, reduces the cardiac complication rates, on average, from 5.9% to 4.0% to 
2.0%,, respectively. 

Chapterr  5 evaluates the optimal orientation for uniform beams using target-eye-view 
(TEV)) maps. TEV maps evaluate every beam's-eye view exhaustively and plot the re
sultss as a Mercator projection. In general, the best beam directions tend to avoid the 
moree critical structures (such as lens and optic apparatus). However, TEV maps are 
limitedd to single, conformal, uniform beams so these results cannot be extrapolated 
directlyy to non-uniform beams. 

Chapterr  6 determines the optimal 2-beam orientation for heart sparing in left-sided 
breastt cancer patients for uniform and non-uniform treatment techniques. An exhaus
tivee search through all axial 2-beam combinations, discretized into 5° increments is per
formed.. The results suggest that optimal uniform and non-uniform beam orientation 
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classs solutions exist, depending on: VOI geometry, VOI constraints and treatment 
technique.. Optimal uniform 2-beam orientations for the breast consist of opposing 
tangentiall medial and lateral beams (i.e. -185°). Optimal non-uniform 2-beam orienta
tionss for left-sided breast cancers are bimodal, containing hinge angles around 160° and 
210°.. Non-uniform beam techniques are less sensitive to beam orientation compared to 
uniformm beam techniques and result in significantly improved heart sparing but at a 
costt of slightly compromised PTV coverage. 

Chapterr  7 describes a class solution treatment technique to spare late cardiac complica
tionss for left-sided breast cancer patients using simplified IMRT with predefined seg
ments.. Optimal beam orientations defined for uniform (i.e. -185°) and non-uniform 
(i.e.. 210°) techniques were taken from the previous study. Five treatment techniques are 
compared:: 3DCRT with optimal uniform beam orientations, full IMRT with optimal 
uniformm beam orientations, simplified IMRT with optimal uniform beam orientations, 
fulll IMRT with optimal non-uniform beam orientations and simplified IMRT with op
timall non-uniform beam orientations (i.e. class solution). For optimal (i.e. tangential) 
uniformm 2-beam orientations, significant heart sparing is possible with the addition of 
intensityy modulation but at the expense of worsening target coverage. Simplified IMRT 
can,, for all intents, be substituted for full IMRT with tangential beam orientations. Ap
plyingg more optimal non-uniform beam orientations improves PTV coverage while 
maintainingg significant heart sparing but increases the PTV dose heterogeneity. 

Chapterr  8 discusses the study ramifications, speculates of potential future directions 

andd summarizes all the studies. 
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Hoofdstukk 1 is een algemene inleiding op het proefschrift en op de onderwerpen van 
dezee studie. Het beschrijft de geschiedenis van borstkanker en de achtergronden van de 
verschillendee behandelmethodes. Patiënten waarvan de linkerborst bestraald wordt en 
waarbijj een groot volume hart een hoge stralingsdosis krijgt, hebben een verhoogd 
risicoo op cardiale mortaliteit. Vanwege dit optreden van cardiovasculaire verschijnselen 
naa adjuvante bestraling van borstkanker, is het verbeteren van de bestralingstechniek 
voorr de2e sub-groep van patiënten van groot belang. 

Hoofdstukk 2 evalueert de dosimetrische gevolgen t.gv. onzekerheden in de positioner
ingg van een patiënt bij aanwezigheid van contour veranderingen en weefsel inho-
mogeniteiten.. Meestal wordt de berekende dosisverdeling als invariant aangenomen bij 
hett in rekening brengen van onzekerheden in de patiënt-positie. De consequenties van 
zowell het gebruik van invariante en variabele dosimetrische effecten is onderzocht voor 
eenn "worst-case" longkanker patiënt. Zelfs in deze meest ongunstige klinische situatie 
zijnn de dosimetrische gevolgen te verwaarlozen zolang de waarschijnlijkheidsverdeling 
vann de patiënt-positie symmetrisch is. Invariante distributies van de lichaamsdosis, 
hoewell technisch onjuist, zijn daarom voldoende nauwkeurig om in de praktijk voor de 
meestt voorkomende onzekerheden in de patiënt-positie te worden gebruikt. 

Hoofdstukk 3 vergelijkt behandeltechnieken met intensiteit-gemoduleerde (IMRT) 
bundelss met bundels met uniforme intensiteit (wijde schampvelden), en gemengde mo
daliteitt (schuin-invallende elektronen) bestralingen van de linkerborst en de mamaria 
internaa lymfeklieren. Alle plannen zijn genormeerd op de gemiddelde dosis in de borst 
teneindee een objectieve vergelijking mogelijk te maken van de geschatte kans op com
plicatiess van risico-organen. Het IMRT-plan is het beste compromis in termen van 
sparenn van de risico-organen en dosistoediening aan het doelgebied. De wijde 
schampveldenn resulteren in een hogere stralingsdosis in het hart, terwijl de schuin-
invallendee elektronen techniek een onderdosering van de mamaria interna geeft. 

Hoofdstukk 4 vergelijkt de kans op hart- en longcomplicaties voor verschillende be
stralingstechnieken:: rechthoekige velden met wiggen, conformele velden met wiggen, 
enn intensiteit-gemoduleerde bestralingsbundels bij gelijke dosistoediening aan de linker
borst.. Alle plannen zijn genormeerd op de gemiddelde dosis in het doelgebied. Ve
randeringg van de behandelingstechniek van rechthoekig naar conformeel naar IMRT, 
verlaagtt de kans op hartcomplicaties respectievelijk met 5,9%, 4,0% en 2,0%, bij overi
genss gelijkblijvende omstandigheden. 

Hoofdstukk 5 evalueert de optimale richting voor uniforme stralenbundels gebruik 
makendd van "Target-Eye-View" (TEV) kaarten. Deze TEV-kaarten evalueren elke 
"beam's-eye-view"" en brengen de resultaten als Mercator projecties in kaart. In het al
gemeenn zullen de beste bundelrichtingen kritieke structuren (zoals lens en optisch sys
teem)) vermijden. TEV-kaarten zijn echter beperkt tot enkelvoudige, conformele, uni
formee bundels, waardoor extrapolatie van deze technieken tot meer algemene situaties, 
zoalss het gebruik van niet-uniforme bundels, tot onjuiste resultaten zou kunnen leiden. 
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Hoofdstukk 6 bepaalt de optimale richting van twee bundels voor het sparen van het 
hartt bij het bestralen van de linkerborst, gebruik makend van behandelingstechnieken 
mett bundels met een uniforme of niet-uniforme intensiteit. Hiertoe werden alle twee
bundell richtingen in 5° intervallen in een axiaal vlak met elkaar gecombineerd. De re
sultatenn suggereren dat er een klasse-oplossing bestaat voor de optimale richting van 
bundelss met zowel uniforme als niet-uniforme intensiteit die afhangt van de geometrie 
enn eigenschappen van het te bestralen volume, en de behandelingstechniek. Optimale 
richtingenn van twee bundels met uniforme intensiteit bij borstbestralingen bestaan uit 
(bijna)) opponerende schampvelden (van ongeveer 185°). Optimale richtingen van twee 
bundelss met niet-uniforme intensiteit bij de behandeling van linkszijdige borstkanker 
zijnn bimodaal, en hebben scharnierhoeken van ongeveer 160° en 210°. Bestralingstech
niekenn met bundels met niet-uniforme intensiteit zijn minder gevoelig voor verandering 
vann bundelrichting vergeleken met uniforme bundelintensiteit bestralingstechnieken, en 
resulterenn in een beduidend lagere hartbelasting, maar ten koste van een geringe ver
slechteringg van de dos is toediening aan het doelgebied. 

Hoofdstukk  7 beschrijft een klasse-oplossing voor de behandeling van linkszijdige 
borstkankerr patiënten ter vermijding van late hartcomplicaties. De methode maakt ge
bruikk van een vereenvoudigde IMRT techniek met vooraf gedefinieerde segmenten. 
Optimalee bundelrichtingen werden bepaald voor bundels met uniforme intensiteit (on
geveerr 185°) en voor bundels met een niet-uniforme intensiteit (ongeveer 210°), ge
bruikk makend van de resulaten van de vorige studie. Vijf behandelings technieken wer
denn vergeleken: 3D conformatie radiotherapie (CRT) met optimale uniforme intensiteit 
bundelrichtingen,, volledige IMRT met optimale uniforme intensiteit bundelrichtingen, 
vereenvoudigdee IMRT met optimale uniforme intensiteit bundelrichtingen, volledige 
IMRTT met optimale niet-uniforme intensiteit bundelrichtingen en vereenvoudigde 
IMRTT met optimale niet-uniforme intensiteit bundelrichtingen (d.w.z. een klasse
oplossing).. Voor optimale twee-bundel richtingen is een significante reductie van 
hartschadee mogelijk door toevoeging van intensiteitsmodulatie, maar dit resultaat wordt 
bereiktt ten koste van een verslechtering van de dosistoediening aan het doelgebied. 
Vereenvoudigdee IMRT kan voor alle toepassingen worden gebruikt in plaats van volle
digee IMRT met schampvelden. Het toepassen van meer optimale niet-uniforme bun
delrichtingenn verbetert de dosistoediening aan het doelgebied onder handhaving van 
eenn significant lagere hartbelasting, maar vergroot de dosis inhomogeniteit over het 
doelgebied. . 

Hoofdstukk 8 bespreekt de voornaamste resulaten van deze studie, geeft suggesties 
voorr potentiële toekomstige onderzoeksrichtingen, en geeft een samenvatting van alle 
studiess beschreven in dit proefschrift. 
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