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Resumo 
 

Várias técnicas de radioterapia para o tratamento conservador do cancro da 

mama são utilizadas, desde radioterapia conformal à radioterapia de intensidade 

modulada e de arco volumétrico. A 3D-CRT é a técnica mais comum para esse tipo de 

tratamento, mas não consegue o mesmo grau de cobertura do alvo possibilitado pelas 

mais modernas IMRT e VMAT e resulta em mais pontos quentes. Em contrapartida, a 

IMRT não é tão eficaz a poupar as regiões fora do alvo, que incluem os órgãos em risco, 

da absorção de baixas doses que pode potenciar malignidades induzidas por radiação. 

Numa tentativa de evitar estes aspetos negativos, uma técnica híbrida que funde 

campos de 3D-CRT e de IMRT foi desenvolvida. Planos 3D-CRT, IMRT e HT foram 

calculados para 20 doentes e os DVH e parâmetros dosimétricos foram comparados 

entre as três técnicas. Todos os 60 planos foram simulados no PRIMO e os DVH e 

parâmetros dosimétricos foram extraídos do software e comparados com os do TPS. 

Após a análise verificou-se um problema com os planos HT que envolviam cunha, o que 

levou ao comprometimento dos resultados do PRIMO referentes aos volumes alvo, 

tornando-os inconclusivos e não confiáveis. No sentido de apurar essa questão, um 

exemplo de um doente para quem foram calculados um plano sem cunha e um plano 

com cunha foi examinado para especificar que efeitos a presença de cunha pode ter na 

absorção de dose calculada pelo PRIMO. A HT apresenta-se como uma técnica que 

poderia ser implementada na prática clínica para doentes com critérios específicos. 

 

Palavras-chave: cancro da mama, radioterapia, dose, 3D-CRT, IMRT, HT, TPS, 

PRIMO, DVH, homogeneidade, conformidade, órgãos em risco, PTV, CTV. 
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Abstract 
 

There are several radiotherapy techniques for conservative breast cancer 

treatment, ranging from conformal radiotherapy to intensity modulated and volumetric 

arc. 3D-CRT is the most common technique for such treatments but lacks the degree of 

target coverage provided by the modern IMRT and VMAT and results in more hot spots. 

On the other hand, IMRT is not as good at sparing the non-target regions, including the 

OAR, from low dose absorption which may lead to radiation-induced malignancies. In an 

attempt to avoid these downsides, an hybrid technique fusing 3D-CRT and IMRT fields 

was designed. 3D-CRT, IMRT and HT plans were calculated for 20 patients and the DVH 

and dosimetric parameters were compared among the three techniques. All the 60 plans 

were simulated in PRIMO and DVH and dosimetric parameters were extracted from the 

software and further compared with the TPS outcome. An issue with HT plans which had 

wedges was found and that problem compromised the results regarding the target 

volumes results from PRIMO, making them unreliable and inconclusive; an example of 

a patient for whom a plan without wedge and one plan with wedge were calculated was 

examined to pinpoint exactly which effects in the absorbed dose as simulated by PRIMO 

the presence of a wedge can have. The HT seems to be a technique that could be 

implemented for clinical practice for patients with some specific criteria. 

 

Keywords: breast cancer, radiotherapy, dose, 3D-CRT, IMRT, HT, TPS, PRIMO, DVH, 

dosimetric parameter, homogeneity, conformity, OAR, PTV, CTV. 
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1 Introduction 

1.1 Motivation and Purpose 

 

The purpose of this work was to analyse and compare dosimetric aspects, such 

as conformity and homogeneity in the target volume and discuss the resulting target 

volumes and OAR's DVH from plans of different techniques, namely: 3D-CRT, IMRT and 

a hybrid technique HT, for whole-breast irradiation. There was a search for certain 

worrying patterns, such as the low-dose regions outside the target which result from 

intensity modulated techniques, and the typical excessive hot spots that arise from 

treatments with 3D-CRT; having said that, there is clearly a balance to be thought 

carefully and the choice for some treatment modality instead of the others is tightly linked 

with the patient's health condition and body characteristics. The hybrid technique that 

was studied seems promising and may be able to gain popularity among tricky clinical 

cases, as it can be the key to solve the 3D-CRT vs. IMRT dilemma. 

1.2 Layout 

 

 This work starts by presenting demographic statistics on breast cancer all over 

the world, zooming in to recent data in Portugal. Causes, symptoms, and treatment are 

discussed, and general standards of modern radiotherapy are introduced, with notions 

of important structures to be delineated, concepts of radiotherapy techniques, and useful 

tools such as planning, and simulation software being described. In later chapters, the 

materials and the methodology that were used in this work are enumerated and the 

whole experimental procedure well detailed. Finally, results are analysed and 

interpreted, and whether the goal of the dissertation was or was not met is assessed. 



FCUP 
3D-CRT vs. IMRT Technique – A Comparative Study In Breast Cancer Patients 

2 

 
 

2 
 

2 Background 

2.1 Overall picture of breast cancer 

2.1.1 Demographics and Causes 

 

In 2020, 2.3 million women were diagnosed with breast cancer [Fig. 1] and 

685 000 died as a consequence of the disease [Fig. 2], globally, according to 

WHO – World Health Organization1. Data also points out that at the end of that 

same year, 7.8 million women who were diagnosed with breast cancer in the past 

5 years still had the disease, leading to the conclusion that breast cancer is the 

world's most prevalent cancer [Fig. 3].  

Figure 1 – Estimated age-standardized incidence rates per 100 000 of breast cancer 
in women, by country, in 2020. There seems to be a link between the 
development/income of a region, which in turn correlates with the life-expectancy of 
the population, and the appearance of new breast cancer cases; populations that live 
longer are more susceptible of having cancer (age is a key cause of the disease). 

Figure 2 – Estimated age-standardized mortality rates per 100 000 of breast cancer in 
women, by country, in 2020. More uneducated populations, characteristic of poor and 
underdeveloped countries, present higher mortality rates due to the lack of access to 
quality medical resources and lower rates of early diagnoses, which results in late 
stage/advanced cancers, more difficult to treat. 
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That same year, 7041 new breast cancer cases were registered in Portugal 

(100% in women), making breast cancer the most incident cancer, 1864 died from the 

disease and 27051 who were diagnosed 5 years earlier still had the disease (503.49 per 

100000) [Fig. 4].  

In our local institution, IPO-Porto - The Portuguese Oncology Institute of Porto 

Francisco Gentil, EPE, the latest available report2, from 2018, states that 1422 cases of 

breast cancer out of a total of 7566 malignant tumours were admitted here (18.8% of all 

cases, the second most incident overall), with 13 of them being diagnosed in men (0.3% 

of all cases in men) and 1409 in women (38.3% of all cases in women), making the 

breast the second least incident cancer site in men, only more incident than eye and 

lacrimal gland cancer (0.2% of all cases in men), and the most incident type of cancer in 

women, above peritoneum and digestive organs cancer (18.4% of all cases in women). 

Of those 1422 tumours, 834 were stage-I, 309 stage-II, 141 stage-III, 68 stage-IV and 70 

not classified, expressing the highly successful screening program, able to detect the 

Figure 3 – Estimated number of prevalent cases of cancer in women (diagnosed 5 years prior to 
the statistic assessment), by cancer site, in 2020. Clearly, breast cancer was the most prevalent 
cancer in women, with 33.7% of all cancers.  

Figure 4 – Registered new cases, deaths and 5-year prevalence in Portugal, 2020, of the 5 most incident cancer types. 
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disease early. Unfortunately, from 2020 onwards, the menacing SARS-CoV-2 pandemic 

drove some national health facilities to collapse and forced the Portuguese government 

and health experts to take precautionary measures and mobilize the majority of 

attentions to the prevention and treatment of COVID-19, leaving many cancer screening 

programs compromised and those which were not, saw a decrease in attendance due to 

a generalized sense of dread in the population; this amalgamation of factors led many 

patients to have their cancers diagnosed in later stages, which is expected to lead to an 

increase in mortality rate.3 

There is evidence of increasing breast cancer incidence rates in older women, 

but precautions should be taken by every woman who have gone past puberty, joining 

screening programs for early detection of the disease in order to prevent the 

metastization of the cancer and, therefore, boost the treatment success probability. 

The development of breast cancer may be triggered by one's behaviour and 

lifestyle, but about half of them seem to arise from unavoidable, natural factors such as 

sex (larger incidence in women) and age (the disease tends to appear in the adult/elder 

age group).  Obesity, excessive alcohol drinking, family history of breast cancer (despite 

the lack of such occurrence in the majority of diagnosed cases), age of first pregnancy 

and age at which menstrual periods began, tobacco use, postmenopausal hormone 

therapy and radiation exposure are risk-enhancing factors; however, even if an effort 

were made to avoid some of these behaviours, the risk of developing breast cancer 

would only go down by 30% at most, since sex is, simultaneously, the strongest risk 

factor and uncontrollable. Specific gene mutations in BRCA1, BRCA2 and PALB-2 are 

the most dominant incidence risk-enhancing mutations and may require an invasive 

safety approach, such as a mastectomy. Men make up approximately 0.5-1% of all 

breast cancers. 

2.1.2 Treatment 

 

Breast cancer treatment perspectives are highly positive, with nearly 90% survival 

rate or more, always benefiting from an early diagnosis. Presently, the first stage of 

treatment may consist solely of the cancerous lump extraction - lumpectomy – if it is 

diagnosed early and its volume is not considered very large, reducing detrimental 

aesthetic outcomes; on the other hand, larger tumours most likely require whole-breast 

removal – mastectomy. Following the former (but not exclusively), it is common practice 
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for the patient to undergo radiation therapy as a means to control the disease (and 

prevent recurrence), by killing potential residual cancer cells that remain adjacent to the 

tumour bed and may or may have multiplied and spread to previously healthy tissues, 

such as the lymph nodes. Supressing these cells may be achieved by Intraoperative 

Radiotherapy (IORT), either with photons or electrons, immediately after surgery as a 

short-range high-dose boost that provides the patient with the benefit of a short-time 

radiation treatment, in contrast with the standard whole-breast irradiation (WBI) which 

generally requires weeks of treatment; as stated, post-operative irradiation is not 

exclusive to breast-conserving surgery cases and irradiation to the chest-wall can be a 

solution to ensure the same control in patients who had a mastectomy.4-7 Other 

procedures include extending the removal area to the lymph nodes the cancer can reach, 

chemotherapy, hormonal treatment and others, but these fall out of the scope of this 

work. Regarding cancers in advanced stages, radiotherapy may not be able to irradicate 

the disease, but can prevent the patient from dying from it. 

On the following sections, a brief description of the most used external beam 

radiotherapy (EBRT) techniques in breast cancer treatment, Three-Dimensional 

Conformal Radiation Therapy (3D-CRT) and Intensity Modulated Radiation Therapy 

(IMRT), as well as attempts of a hybrid technique (HT) approach will be made, 

addressing some literary reports on the matter.  

2.2 General Standards of Modern Radiotherapy 

 

2.2.1 Ultimate Goal of a Radiotherapy Treatment and Concepts of 

Structure Volumes and Dose-Volume Histogram 

 

The whole conception of an external radiotherapy treatment, albeit employed 

following detailed guidelines such as the ones reported by ICRU – International 

Commission on Radiation Units, is susceptible to a certain degree of variability 

depending on many factors, namely the team involved throughout the entire process, 

from patient admission in the institution to the delivery of the treatment and follow-up, 

the patient, inherent characteristics of the tumour and the available equipment at the 

facility. However, one single aspect is key, and all treatments should gravitate towards 

its realization – an external radiation therapy treatment should be one that delivers the 

most radiation possible to the target (in accordance with the prescribed dose) while 
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avoiding healthy tissue irradiation, to guarantee the treatment's success with the highest 

malignant cells/healthy cells ratio achievable. This idea is in line with concepts like 

Tumour Control Probability (TCP) and Normal Tissue Complication Probability (NTCP) 

and a favourable treatment outcome is accomplished when the dose delivery curve falls 

somewhere between these two, illustrated in [Fig. 5]. It becomes apparent that the larger 

the difference between the two - the so-called therapeutic window, the easier the task, 

and these can be spread apart by conforming the dose delivery to the target while sparing 

normal tissues, as well as other methods like the use of radiosensitizers, since these 

would shift the TCP curve to the left and widen the therapeutic window, allowing one to 

lower the prescribed dose and still manage to get a good outcome, but such 

radiobiological aspects fall on other areas of expertise and so are beyond the scope of 

this study.8

Once three-dimensional images of the patient are acquired, using computed 

tomography (CT), the oncologist and the dosimetrist delineate the target and organs at 

risk volume structures according to guidelines established by ICRU; the ones in practice 

are described by the ICRU Reports 629 and 8310. 

The gross tumour volume (GTV) corresponds to the detectable primary tumour 

region, but metastatic regional nodes (nodal GTV) and distant metastases (metastatic 

GTV) may also be delineated, if present. In post-operative irradiation scenarios, such as 

Figure 5 – Tumour Control Probability (TCP), left, and Normal Tissue Complication Probability 
(NTCP), right, curves as a function of radiation dose. The larger their separation, the better. 
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the ones that will be treated in this work, the lack of a malignant primary tumour implies 

the absence of a GTV. 

 The clinical target volume (CTV) is an expansion of the GTV, adding a margin to 

account for subclinical malignancy assessed by a probabilistic ponderation; microscopic 

tumour spread near the tumour boundary, possible infiltration into lymph nodes or even 

overlap with other volumes due to metastization into other organs are probable issues 

that are considered by this margin. 

 The planning target volume (PTV) enters the realm of geometrical concepts, 

since it is based on the addition of a safety three-dimensional layer wrapping the CTV, 

taking in consideration possible involuntary organ movement and uncertainties related 

to the setup (patient positioning and beam alignment). This conservative concept tries to 

ensure the clinically appropriate irradiation of the whole CTV and is the volume structure 

for which the absorbed dose is prescribed and reported. Initially, it was suggested that 

the PTV delineation could be compromised by the proximity of critical organs or even by 

overlapping of other delineated structures, but it is not considered a good practice 

anymore because the resulting reduced margin could look deceivingly acceptable, but 

ineffective in practice.  

The organs at risk (OAR) are non-target tissues (+ margin) that require special 

attention on the planning process, as absorbed dose to these structures could be the 

cause of these organs' damage or failure. Typically, this concept applies to organs in the 

vicinity of the target and organs that might be covered by radiation fields and hit by 

scattered radiation, but irradiation to every non-target tissue should be avoided. OAR 

may have their architecture in series or in parallel; in the former scenario, if a functional 

subunit11 i.e., a portion of a tissue that performs a certain function, absorbs an 

Figure 6 – Volume structures (targets and OAR) on a whole-breast irradiation 
treatment plan. The following example displays the following structures: CTV 
(orange), heart (brown), ipsilateral lung (blue), internal mammary nodes 
(yellow), PTV (red), oesophagus (black), contralateral breast (purple), 
contralateral lung (pink), spinal canal (green).12 
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overwhelming amount of dose, the organ ceases to function, whereas in the latter case 

the organ can withstand damage to subunits and still maintain a reasonable degree of 

vitality. With this idea in mind, the adequate treatment planning parameter to evaluate 

the damage to a series organ is the maximum dose to that structure, while the 

appropriate one to assess the deterioration in parallel organs is the mean dose or integral 

dose. Therefore, the existence of such structures has a huge influence on the treatment 

planning.

One useful way of evaluating and reporting a treatment plan is by assessing the 

dose-volume histogram (DVH), more specifically the cumulative DVH. This histogram 

plots the volume of a structure (relative, in % of total structure volume, or absolute, 

usually in CC) receiving at least a certain amount of dose (relative, in % of prescribed 

dose, or absolute, usually in Gy or cGy) [Eq. 1, Fig. 7] and allows for a thorough 

comparison between plans; still, this tool does not provide positional information, 

meaning it can give information about the volume receiving at least a certain amount of 

dose, but it does not tell the planner where that happens; that visually information can 

be gathered by isodose curves on a colourwash view in the TPS.[Fig. 8]

 𝐷𝑉𝐻𝑟𝑒𝑙 𝑐𝑢𝑚(𝐷) = 1 − 
1

𝑉
∫

d 𝑉(𝐷)

d 𝐷

𝐷max

0

 d𝐷 
Eq. 1 

 

The need for the elaboration of DVH corroborates the idea that the base reporting 

level, Level 1, is inadequate in the realm of conformal and intensity modulated 

Figure 7 – Differential and cumulative dose-volume histograms, with examples of dosimetric parameters.10  
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radiotherapy, with Level 2 becoming the minimum requirement for these modalities. 

Treatment planning systems employ dose-volume calculation algorithms (mainly Monte 

Carlo simulations) with heterogeneity corrections on CT-reconstructed 3D images 

instead of focusing on the old ICRU Reference Point, a point typically centred on the field 

axes' intersection and located on a central part of the PTV that may misrepresent the 

absorbed dose on the organ if the PTV has steep gradients or if an OAR is present within 

an imaginary spherical volume around the PTV i.e., if the PTV is concave and surrounds 

the OAR in question (refer to Fig. 9 for an example of the hypothesized distribution).9, 10, 

14 DVH for all volumes of interest are expected to be reported and a regular QA program 

to be performed in the institution, to ensure that the treatment is accurately delivered. 

Further updates on a developing research or technique can be provided, as well as 

radiobiological quantitative parameters such as the TCP, NTCP, the Equivalent Uniform 

Dose (EUD) i.e., the absorbed dose that would result in the same biological response as 

the delivered dose distribution, and the Homogeneity and Conformity Indices (HI & CI, 

to be defined in later sections); this intensive reporting is said to reach Level 3. 

 

 

 

 

Figure 8 – Dose distributions for two plans. In this case, the colour bar 
indicates that the shown dose range is [30.000 Gy, 66.000 Gy], with colder 
colours in the lower-end and hotter colours on the upper-end of the dose 
interval.13 In fact, a limitation arises from the absorbed-dose computation: each 
voxel (or pixel, if a slice is shown) has a dose value assigned to it and so this 
distribution is discrete, not continuous; higher dose definition with smoother 
voxel-to-voxel dose transitions can be obtained by reducing the calculation bin 
size (in effect, the size of the voxel).  
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2.2.2 Three-Dimensional Conformal Radiation Therapy (3D-CRT) 

 

Three-Dimensional Conformal Radiation Therapy is a radiotherapy modality 

which revolutionized the field, proving to be a step forward compared with conventional 

frameworks. This technique is a milestone in terms of dose conformity to the target 

volume, owing in part to the versatility the treatment planner has at his disposal during 

the treatment planning. A 3D-CRT plan may employ many fields of uniform intensity 

(even though each beam is assigned a weighting factor) in a wide range of possible 

directions, with variable shapes attained with wedges or compensators and even multi-

leaf collimators (MLC), a system with typically 80 to 120 paired lead blocks that can move 

independently, becoming a highly sophisticated mechanism that allows the beam to 

match the target with high precision, sparing critical organs. The planning is carried out 

in an iterative fashion as the planner defines the necessary set of parameters for each 

field, judges the computed absorbed dose to the existing structures and based on that 

evaluation, which is biased by their own experience, decides whether to optimize the 

plan by adjusting some of the previously defined parameters e.g., a field direction, weight 

or shape, and a new absorbed dose map is calculated; this procedure can be looped the 

necessary amount of times and, when the planner is confident with the outcome, the 

oncologist may or may not approve the plan; an experienced dosimetrist or medical 

physicist is of high importance because this whole process may be time-consuming, but 

can be reduced if each iteration is guessed relatively well. The described planning 

method is called forward-planning [Fig. 11]. 

2.2.3 Intensity Modulated Radiation Therapy (IMRT) 

 

The main difference between 3D-CRT and IMRT is the latter’s ability to discretize 

each beam into a grid of beamlets with varying fluences, something the less 

sophisticated planning modality 3D-CRT is unable to achieve, being limited to the use of 

MLC and wedges to shape the field. Although 3D-CRT is still widely used and a good 

technique overall, IMRT is more advanced and its efficiency in shaping concave-like 

dose profiles is sufficient for it to be regarded as a superior choice in certain clinical 

cases, with evidently better resulting conformity and homogeneity.  
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An IMRT plan can follow a forward-planning fashion, as the one used in 3D-CRT, 

but can also recur to an inverse-planning method [Fig. 11]. With this optimization novelty, 

the treatment planner defines dose-volume constraints e.g., Dxx% ≤ yy Gy, meaning the 

minimum dose received by xx% of the total structure volume cannot exceed yy Gy, and 

Vxx Gy ≤ yy%, restricting the volume that receives at least xx Gy to a maximum of yy%, 

and, by doing so, the optimization software iteratively searches for an optimal set of 

beamlet weights and general beam parameters, and the absorbed-dose is computed. 

Figure 9 – Beam dose profile comparison between CRT (left) and IMRT (right). IMRT 

can achieve better conformity to the PTV (black), being more successful at sparing the 

organs at risk (grey) than CRT, due to the capability of having non-uniform dose profiles 

in each field; IMRT is more appropriate when dealing with concave shapes.10  

Figure 10 – Examples of low and high dose homogeneities and conformities. The PTV is 
depicted in blue and the OAR in orange. The dashed lines are isodose lines. A largely 
homogeneous case is associated with a rapidly decaying curve of the PTV's DVH, meaning the 
low and high doses encompass approximately the same volume. A highly conformal case is 
characterized by a rigorous overlap of the dose absorption region and the PTV.10 
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Despite the apparently automatic workflow, the planner still has an important role, as the 

optimization process is quite facilitated and faster the more dose-volume constraints the 

planner provides, resulting in the tightening of the possible outcome space; the 

optimization can be tracked in real-time, and the planner may decide to apply changes 

to the constraints with the intention of obtaining a better cumulative dose-volume 

histogram.  

One unfortunate downside of IMRT is the increase in monitor units (MU) when 

compared with conventional radiotherapy and 3D-CRT. Even if the beam is shaped 

according to the planner’s desire by the primary collimators, MLC and other necessary 

wedges, the MU refer to the LINAC output and more MU implies more projected 

radiation, independently of what might come after the LINAC target. This becomes a 

problem because there is an increase in leakage through the gantry’s head and the 

collimators end up working as scatterers; both these factors contribute to an overall rise 

in absorbed dose to the body, with possible consequences such as the occurrence of 

second malignancies. Strategies to reduce this undesired additional absorbed-dose to 

the body can consist in shielding enhancement and removal of the field-flattening filter, 

since its presence contributes to more scattering and the modulation achievable by IMRT 

is perfectly capable of flattening the field, excluding the need for the filter.

Additionally, the ICRU 83 Report recommends the transition from maximum and 

minimum doses to near-maximum (D2%) and near-minimum (D98%) doses, not based on 

single-point computations and, hence, more feasible; still, both the maximum and 

minimum doses can be reported if the oncologist finds them relevant. 
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2.2.4 Volumetric Modulated Arc Therapy (VMAT) 

 

Despite the usefulness of IMRT, the number of required beam directions and the 

increase in MU contribute to the increase in treatment delivery time. Otto15 presented a 

novel plan optimization platform with an aperture-based algorithm capable of designing 

a treatment which delivers the dose during a single gantry arc of up to 360 degrees, with 

high dose conformality and with high-resolution sampling of beam directions during 

planning; this platform is called Volumetric Modulated Arc Therapy (VMAT). 

 VMAT incorporates MLC leaf positions and MU weights as optimization 

parameters. Minimum and maximum dose-volume constraints are specified for both the 

target and healthy structures, individually, and each constraint is linked to an importance 

value. Then, a cost function is calculated for each constraint using the product of a 

Figure 11 – Traditional and IMRT optimization processes workflow.10 
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standard quadratic dose difference function and the respective importance value of the 

constraint, culminating in a total cost that is equal to the sum of all individual constraint 

cost values. 

 MLC leaf positions and MU weights constraints are set so the optimization is 

performed considering only the physically achievable aperture shapes e.g., excluding 

scenarios in which opposing leaves overlap, and MU values e.g., non-negative values; 

continuity of the treatment delivery is ensured by assigning constraints to the MLC leaf 

motion and MU variation. Referred to as efficiency constraints and defined in terms of 

gantry rotation angle, these are

𝛥𝑥

𝛥𝜃
≤ (

𝑑𝑥

𝑑𝜃
)𝑚𝑎𝑥

Eq. 2 

𝛥MU

𝛥𝜃
≤ (

𝑑MU

𝑑𝜃
)𝑚𝑎𝑥

Eq. 3 

• x – MLC leaf position, [cm] 

• MU – MU weight 

• Θ – gantry angle, [deg] 

 

and the threshold quantities (dx/dΘ)max and (dMU/dΘ)max are chosen according to the 

delivery system's specifications and features, so as to avoid complications and 

inefficiency during treatment. An available gantry sample is randomly selected in each 

iteration of the optimization process and either the MU weight or a MLC leaf position is 

changed; if this set of parameters does not violate a mechanical or efficiency constraint, 

the dose distribution and cost function are calculated. Only changes resulting in a 

reduction of the cost function are accepted. 

2.2.5 Hybrid Technique (HT) 

 

A hybrid plan may be thought of as a rather loose concept of a plan mixing the 

3D-CRT and IMRT techniques. Some studies have been conducted to assess the 

usefulness of such a type of plan. There is some variability among studies because, 
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although mixing 3D-CRT and IMRT beams is part of the definition, the way the relative 

weights are attributed to the 3D-CRT and IMRT beams depends on the planner and even 

on the plan itself. 

 

Xiaoxue Xie et al.16 designed 3D-CRT, inverse planning IMRT and hybrid plans 

for 8 left-sided breast cancer patients who underwent breast conserving surgery. All 

plans were performed using 6 MV photon beams, with a prescribed dose of 50 Gy to the 

PTV, which was delineated as the CTV plus a 1 cm margin in the superior and inferior 

directions, 0.5 cm in the other directions and further adjustments to exclude 0.5 cm of 

the build-up region near the skin, pushing the high-dose gradient away from the PTV 

boundary and, thus, reducing the variability in patient setup. Breast volumes ranged from 

304 to 1633 cc, with an average of 812.75 ± 444.93 cc. 

 The hybrid plans mixed two 3D-CRT and four IMRT beams. The 3D-CRT 

component comprised standard medial and lateral primary beams, without wedges. The 

IMRT component consisted of four fields focused on angles of about 45º anterior from 

the nearest tangent beams in an attempt to reduce hot spots outside the breast, 

especially in the entrance regions of these tangent fields. 3D-CRT and IMRT had 60 and 

40% relative weight, respectively.  

 

Jackie Yim et al.17 studied differences between 3D-CRT and a hybrid IMRT 

(hIMRT) technique in a 25 early breast cancer patients sample, out of which 13 had left-

sided tumours and the other 12 had right-sided tumours; their mean age was 58.6 years, 

the median PTV breast volume was 655.37 cc and the median separation was 21.84 cm. 

All plans aimed to deliver 50 Gy to the PTV. The initial PTV was adapted to a new 

structure, the PTV Breast Eval, which excludes the pectoralis major and the skin surface, 

5 mm from the body contour, because the authors find it to be a more appropriate volume 

delineation for the evaluation of dose to the breast alone. A planning volume, which they 

called IMRT PTV, was generated for optimization purposes by converting the 50% 

isodose line from the open field plan into a structure; then, this structure was cropped 

0.2 cm from the body and 0.3 cm from the posterior field edge. The PTV structures were 

delineated by the radiation oncologist and the OAR by the planner. 

The hybrid IMRT technique was half 3D-CRT, half IMRT, consisting of up to six 

opposing tangential fields; two to four open beams and two inversely optimised IMRT 

beams. All these fields were partially blocked at the lung. The IMRT component only 

used 6 MV photon energies and the 3D-CRT component used both 6 and 18 MV. 
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In another study, Yi-Chi Liu et al.18 designed IMRT, Hybrid 3D-CRT/IMRT, 

Continuous Partial Arc, and Non-Continuous Partial Arc plans for right breast cancer 

after breast-conserving surgery, but the last two won't be discussed since they are VMAT 

methods. The prescription dose was 50.4 Gy in 28 fractions to the PTV and the photon 

energy was 6 MV. The study was conducted in a RANDO phantom. The CTV included 

the whole breast tissue, lymph nodes, front border of 0.5 cm beneath the skin, and area 

of tumour metastasis. The PTV extended the CTV by 0.7 cm, except for the front border, 

and considers the distance error during breath or positioning. 

The hybrid technique plan combined 3D-CRT and IMRT fields. The 3D-CRT field 

was set with two tangential angles. The MLC, lead blocks, and collimator angles were 

adjusted manually. Additionally, there was an optimized lung shield, to decrease 

radiation dose to the organ. Then, two IMRT fields were added with increment of 

tangential angles, each separated 20º. 3D-CRT's contribution was 70% of the 

prescription dose (so, 126 cGy per fraction), and IMRT's was 30% (the remaining 54 cGy 

per fraction).

2.3 Tools 

2.3.1 Treatment Planning System (TPS) 

After admission to a medical institution, a patient is assisted by an oncologist who 

later recurs to various tools and other medical staff to provide a thorough diagnosis of 

the disease. The patient is submitted to the imaging installations and a set of computed 

tomography (CT) images, which provide high-resolution slice-wise information on tissue 

electronic density (coded by greyscale pixel intensities) and can be stacked through 

interpolations to construct a three-dimensional view of the patient, is acquired. 

 The set of images gathered from the patient are imported into a treatment 

planning system (TPS), the treatment planner delineates all the relevant target volumes 

and OAR, by demand of the oncologist, either manually for every slice or taking 

advantage of an interpolation algorithm that can predict and bound the structure in  slice 

N by analysing the manually delineated structure in e.g. slices N-1 and N+1, begins to 

idealize how the treatment will be performed and proceeds to elaborate the plan, step by 

step, by inserting all the necessary beam modifiers, such as jaws, compensators, MLC, 

wedges, etc., and fields, with a prescribed dose and fractionation scheme in mind. As 

previously mentioned on sections 2.2.2 and 2.2.3, the beams are generated and 
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iteratively adjusted to achieve the best treatment outcome, whether the optimization 

process is carried out in a forward or inverse way. Three-dimensional absorbed dose 

calculation algorithms based on physical properties and phenomena of radiation 

interaction with matter, mathematical models and e.g., stochastic and iterative algorithms 

such as Monte Carlo, use tissue and volumetric data from the image set to construct a 

voxel-wise dose matrix that is capable of matching absorbed dose to specific structures 

and a dose normalization is made, typically to the isocentre; elaboration of DVH and 

dosimetric parameters can be extracted and a conversion to MU, a concept related to 

both the LINAC's energy output and reading on the ion chamber, is computed so the 

treatment machine can model the radiation beams according to the prediction of what 

these beams' properties need to be so that a certain field irradiates the patient and, 

consequently, a certain (likely) dose is absorbed by the PTV. When acceptable and 

ready, the plan is approved and sent to the treatment workstation.19

Figure 12 – IMRT plan for the treatment of breast cancer elaborated with the Eclipse treatment planning system (TPS) Varian Medical 
Systems, Palo Alto, CA, version 13.5. Slices are shown with three perspectives - transversal, frontal and sagittal, along with the fields, 
structures and isodose lines; a reconstructed 3D model is also displayed. 

A, anterior; F, foot; H, head; L, left; P, posterior; R, right. 
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2.3.2 PRIMO 

PRIMO20 is a free interactive, graphical software that can carry out Monte Carlo 

simulations with premade clinical LINAC models, excluding the need to code them in the 

conventional way, which is harder and more prone to error, in a way that a relatively deep 

knowledge on radiation transport and physical properties of matter would be needed 

otherwise to achieve accurate simulations; PRIMO uses the PENELOPE code. 

 Firstly, the user needs to choose an accelerator model and operation mode [Fig. 

13] i.e., photons or electrons; Varian and Elekta linacs are available and e.g., the Varian 

TrueBeam can be obtained by importing the phase-space files distributed by the 

manufacturer, in the IAEA format. Then, the nominal energy and other primary beam 

parameters are indicated by the user, who also defines the beam's shape with modifiers 

i.e., the jaws, MLC, etc., or electron applicators. Even though the users can control most 

of these parameters and adjust them as they will, PRIMO suggests premade definitions 

that, in general, are considered adequate. One special feature of the software is the 

ability to skip the first part of the simulation i.e., the one starting from the primary electron 

source of the linac, and import a previously tallied phase-space file, as long as it is written 

in the IAEA format, and, thus, save valuable time. Dose distributions can be estimated 

inside a user-constructed virtual phantom or in a voxelized geometry constructed from 

CT images, imported in the DICOM-CT (Digital Imaging and Communication in Medicine 

Standard) format. The Hounsfield Units (HU) are converted into mass density values and 

materials are assigned to the segmented structures, such as target volumes and OAR; 

then, DVH can be created for each structure. Alternatively, structures that were 

Figure 13 – Simulated geometry of the Varian Clinac 2100 C/D 
operating in photon mode at 18 MV in PRIMO.21 
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delineated in a TPS before can be imported if they are stored in a DICOM RT-STRUCT 

file.

The simulation can be layered in three segments, from top to bottom: the fixed 

upper components, the movable components of the linac, and the dose tallying geometry 

(supposed to emulate the patient or a phantom for research purposes). Ultimately, a 3D 

dose map is acquired.  

 When the simulation is finished, the user can analyse the outcome of the phase-

space file [Fig. 14], which lets the user view 2D plots of the spatial distribution of particles 

and the energy spectrum in the phase-space plane. 3D dose distributions superimposed 

to the tallied volumes are also available for the user to navigate through, with axial, 

coronal, and sagittal perspectives [Fig. 15], and the DVH are displayed in case the 

simulation was performed in a CT volume. These results can be compared with 

experimental data e.g. from the TPS and graphic representation of both dose profiles 

and their difference can be plotted, a spatial dose difference distribution can be 

generated with a gradient colour bar indicating which dose file dominates in each region, 

and gamma analysis can be performed with the possibility of exporting a summary report 

on a .pdf file.  

 

 

 

Figure 14 – Phase-space and dose profile analysis window, on PRIMO.21 
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Figure 15 – Different views of the geometry, including the beam's eye view (BEV). Also, dose per 
region is shaded in different colours, the hotter the higher the dose.21 
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3 Materials and Methods 

3.1 Materials 

The preparation of the treatment plans to be analysed in this comparative work 

was carried out on the Varian Eclipse v13.519 TPS, using the AAA dose calculation 

algorithm. 

Then, a package named DVHmetrics22, developed by Daniel Wollschlaeger and 

Heiko Karle for the R (R Core Team 2021) programming language23 and Python24, having 

imported many mathematical and data-driven packages, such as NumPy, Pandas, 

Matplotlib, etc., were used for the first phase of this dissertation. 

For the second stage, PRIMO v0.3.64.1814 (64-bit) was added as the Monte 

Carlo simulation environment and was ran in a computer with Intel(R) Xeon(R) CPU E5–

2660 v3 @ 2.60GHz 2.60GHz with 16GB of RAM, 32 CPU cores available. 

3.2 First Stage – TPS’s DVH Comparison 

3.2.1 Planning 

The first stage of this work was done on the TPS. The dosimetrists imported CT 

image sets from 20 left breast cancer patients who underwent breast conserving surgery. 

The patient selection was restricted to left breast cancer because the proximity of the 

heart requires more attention during planning; therefore, studying the effects of these 

treatment techniques on left breasts is more interesting and reliable than on right breasts. 

With indications by two radiation oncologists, they contoured the relevant structures for 

the dosimetric study of whole-breast irradiation, and these structures were: contralateral 

breast, ipsilateral lung, lungs (both lungs as one structure), heart, spinal canal, liver, an 

auxiliary virtual structure called shell, which is used in the optimization process to push 

the dose delivery to the PTV, and body. Then, they proceeded to elaborate 3D-CRT, 

IMRT and hybrid plans for each patient, so a comparative study could be done. Both 

oncologists prescribed a total dose of 50 Gy in 25 fractions to the PTV and even though 

an oncologist can be more or less conservative regarding volume delineation and 

dosimetric objectives and constraints, the fact that only two doctors prescribed all the 

treatments greatly reduces undesired human-caused variability. Also, the optimization is 

an iterative process that is dependent on many factors, some related to the patients 
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themselves, such as geometric irregularities or tumour location; this prevents the 

dosimetrists to strictly follow dosimetric constraints for breast cancer treatment, like the 

ones recommended by RTOG-100525, and with that in mind such a list was consulted, 

but not ultimately followed.     

 

The 3D-CRT plans were started by defining two opposing tangential fields taking 

most of the weight, one internal and one external, centred in the PTV, and angled in the 

best possible way to avoid OAR irradiation, primarily the heart, ipsilateral lung and 

contralateral breast. In some cases where the breast’s location might be very close to 

the armpit, the external tangential field may be cranio-caudal and noncoplanar (the bed 

is slightly rotated). A first calculation is computed and hot spots on the surface are 

expected. Then, some field-in-field segments are created to improve the dose at depth 

and reduce the superficial hot spots. These segments need to employ more than 10 MU 

each and have around 10% of the weight of the principal fields. 

 

By experience, starting IMRT plans by letting the optimizer define the beams’ 

angulation does not end up well; in our institution, the beams and their respective 

directions are manually created, but in this case, there are two internal tangential, two 

external tangential and one anterior oblique fields. The anterior oblique beam is adjusted 

to the volume and lowers the existing prescription dose outside the PTV. ICRU 

recommends a minimum of 95% of the prescription dose to the PTV and a maximum of 

107% of the prescription dose. In addition to minimum and maximum doses to the PTV, 

a mean dose to the PTV and constraints to the OAR are also defined. An optimization is 

made, followed by a first calculation. The DVH is checked and, if needed (which most 

likely will be after just one calculation), dose objectives’ priorities and constraints are 

adjusted, in a trial by error manner. 

 

The HT plans’ starting point was the IMRT plan: the best two fields at sparing the 

OAR were kept from one plan onto the other. An optimization and calculation were 

computed with these two beams; then, static fields were added and make up to 80% of 

the weight, keeping the IMRT beams with 20% of the weight. Finally, further segments 

are created to improve the dose at depth and reduce superficial hot spots.  
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3.2.2 Analysis Procedure 

Once all the plans were complete, the DVH data was exported from the TPS in a 

tabular format with additional information. [Fig. 16, 17] The data layout is not suitable to 

deal with, hence the need to clean the DVH files and formatting them to a .csv type file. 

Although doable, the number of patients and the number of structures per patient make 

the extraction of all the tables by hand virtually impossible to handle in a reasonable 

amount of time. To tackle this issue, DVHmetrics was used. DVHmetrics is an extensive 

tool that comes across as a quite useful way to deal with DVH data from many different 

TPS, providing the ability to plot a patient-wise average DVH of all the structures, extract 

dosimetric parameters, and compute some radiobiological concepts; however, none of 

this was used because full control of the data was intended to be owned in this work, so 

all statistical treatment could be done from scratch. DVHmetrics and R overall were 

solely used to clean the exported DVH files, and the outcome is a .csv file like the one 

displayed below. [Fig. 18]  

Figure 16 – Example of a text file exported from the Eclipse TPS, with patient information, date, plan, prescribed 

dose, normalization, and one of the structures: in this case, the contralateral breast "Breast Right", along with some 

dosimetric information of a 3D-CRT plan. 
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The most convenient strategy to organize the data was to average the DVH so 

that for each treatment technique i.e., 3D-CRT, IMRT, and hybrid, and for each structure 

there was a plot that corresponded to the average of all patients. This way, comparisons 

between the three techniques for all structures are possible. These average DVH and 

further statistical treatment and analysis were done with Python24 tool. 

Figure 17 – Example of a table from the same text file and the same structure shown on [Fig. dvhtxt1]. The 
relative structure volume, in percentage, corresponds to the upper limit of a dose bin, in Gy. 

Figure 18 – DVH data of a 3D-CRT plan, for the contralateral breast. This .csv is ready to be imported into a statistics software. 
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The extracted dosimetric parameters, obtained via linear interpolation between 

existing data points (linear interpolation is accurate enough for this case, as the bin width 

is pretty narrow compared with the data range), are indicated in Table 1. 

Table 1 – Extracted dosimetric parameters. 

PTV CTV Heart Contralateral 

breast 

Ipsilateral 

lung 

Lungs Spinal 

canal 

Liver Shell Body 

Dmean Dmean Dmean Dmean Dmean Dmean Dmax Dmean Dmax Dmax 

D50% Dmax Dmax Dmax V30 Gy V30 Gy    V95% 

Dmax Dmin V30 Gy  V20 Gy V20 Gy     

Dmin V98% V20 Gy  V10 Gy V10 Gy     

D2%  V5 Gy        

D95%          

D98%          

V107%          

V95%          

Other computed quantities were the homogeneity and conformity indices. These 

concepts have evolved throughout the years and still are somewhat arbitrary and largely 

dependent on the author's choice of definition. In this work, the HI was defined according 

to the ICRU 83 Report i.e., 

𝐻𝐼 =  
𝐷2%−𝐷98%

𝐷50%
Eq. 4

• 𝐷2%, 𝐷50%, 𝐷98% – least amount of absorbed dose received by 2%, 50% and 98% 

of the PTV, respectively, [Gy]  

The more alike the near-minimum and near-maximum doses are, the more the HI 

converges to 0; hence, 0 is its ideal value. For the CI, Ian Paddick's definition26 was used, 

as it seems to be an appropriate way to measure conformity without obtaining misleading 

results. Choosing the 95% isodose as a guideline, Paddick's proposal becomes: 

𝐶𝐼 =  
(𝑉𝑃𝑇𝑉

95%𝐷)2

𝑉𝑃𝑇𝑉×𝑉𝑇𝑂𝑇𝐴𝐿
95%𝐷 Eq. 5

• 𝑉𝑃𝑇𝑉
95%𝐷 – portion of the PTV covered by the 95% isodose, [cc] 
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• 𝑉𝑇𝑂𝑇𝐴𝐿
95%𝐷  – portion of the total volume covered by the 95% isodose, [cc] 

• 𝑉𝑃𝑇𝑉 – PTV volume, [cc] 

The number of total MU of the plans was also compared between the three 

techniques.  

 

Validity and significance of the differences found in dosimetric parameters and MU 

between techniques was verified with a statistical hypothesis test. The appropriate test 

for this analysis is the Friedman test, a non-parametric alternative to the repeated-

measures ANOVA, because it does not rely on the assumption of normality and can 

withstand the existence of outliers. This is a global test and assesses if at least one 

technique is different from the others, but it does not give information about which one(s). 

For further detail, the Nemenyi test, which is a post-hoc test, was used to pinpoint the 

significantly different technique(s). The chosen significance level was p < 0.05. 

Figure 19 – Rationale behind the proposal of the new model (last column). It is 
shown that previous models were not excellent at avoiding misleading results, with 
some poorly conformal plans wrongly presenting typical values of high conformity. 
TVPIV is the intersection of the target volume TV with the volume bounded by the 
isodose, PIV. 
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3.3 Second Stage – TPS vs. PRIMO Comparison 

 

3.3.1 Simulations 

The phase-space for the Trilogy 1 was created in PRIMO using the Varian Clinac 

2300, with energy 6X, for 2 x 108 particles. The simulation time was about 75 hours.  

The dose is given in eV/g by default and a calibration factor is needed to convert 

the dose in Gy. At our institution, the calibration is done by adjusting the linac’s output, 

for 6X beam energy mode, to reach 1.00 cGy/MU (SSD = 100 cm, 10x10 cm2 field, at 

1.60 cm depth in a 40x40x40 cm3 water tank phantom) or 0.66 cGy/MU at a 10 cm depth, 

knowing the number of MU. A 40x40x40 cm3 water phantom was generated in a PRIMO 

project, as shown in Figure 20, and a simulation was performed in the reference 

conditions above described  (PRIMO has an SID = 100 cm by default, so the isocentre 

must have coordinates (x, y, z) = (0, 0, 0) cm in order to set SSD = 100 cm). After the 

simulation was finished, the dose in eV/g at (0, 0, 10) cm was extracted, being 0.3902 ± 

0.0019 eV/g (uncertainty of 0.50%) with 100 MU in 1 fraction. This small uncertainty 

was achieved with a splitting factor of 1000 at the phantom.

Figure 20 – Definition of the water tank phantom with dimensions 40.20 x 
40.20 x 40.20 cm3, with voxel size 0.200 x 0.200 x 0.200 cm3. 
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The dose conversion follows the following expression: 

𝐷 =  
𝐷𝑒𝑥𝑝

𝑟𝑒𝑓

𝑀𝑈𝑟𝑒𝑓

𝐷𝑀𝐶

𝐷𝑀𝐶
𝑟𝑒𝑓 𝑀𝑈 Eq.6

• 𝐷 – dose, [Gy] 

• 𝐷𝑒𝑥𝑝
𝑟𝑒𝑓

 – dose measured in reference conditions, [Gy] 

• 𝑀𝑈𝑟𝑒𝑓 – monitor units used to obtain the measured reference dose 

• 𝐷𝑀𝐶 – simulated dose for the treatment plan, [eV/g per history] 

• 𝐷𝑀𝐶
𝑟𝑒𝑓

 – dose estimated by a Monte Carlo simulation in reference conditions, [eV/g 

per history] 

• 𝑀𝑈 – monitor units of the treatment plan

 

A project was created for each treatment plan i.e., three projects per patient, one 

for each technique. The sequence of actions executed to run the simulations began with 

linking the phase-space file to the project; then, the DICOM CT files with the settings 

ticked as displayed in Figure 22, the DICOM Structure file with the medium outside 

structure volumes set to emulate air, as shown in Figure 23, and the DICOM Plan file, 

as shown in Figure 24, were imported. 

To run the simulation, the configurations were changed so the used engine was 

the Dose Planning Method (DPM), a new seed was generated and the number of 

histories, determined by the plan, was set as the simulation stop condition. [Fig. 24] 

Then, a splitting factor of 2500 was applied in the phantom. [Fig. 24] A flowchart that 

summarizes this entire process is shown in Figure 25.

Figure 21 – Dose calibration window. This is set to correspond to a measured dose of 0.6600 Gy at 10.0 cm depth on 
the central axis, with reference MU of 100 MU and a calculated reference dose of 0.3902 eV/g. The backscatter factor 
stays at 1.0000. 
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Figure 22 – DICOM Image Import window.  

Figure 23 – DICOM Structure Import window. Any CT voxel outside of the body contour is set 
to air. 
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Figure 25 – PRIMO procedure flowchart. 

Figure 24 – Top left: DICOM RT Plan Import window. The chosen MLC was the Millennium 120 MLC. Bottom left: Variance Reduction 
Configuration window. Right: Configuration Window. DPM was used as the simulation engine, a new seed was generated for each 
simulation and histories was the limiting parameter. 
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3.3.2 Analysis Procedure 

 

The DVH that resulted from the PRIMO simulations were exported as files 

readable by R + DVHmetrics and all the data preparation was conducted in a similar 

fashion as in section 3.2.2, even though a prior linear interpolation of the values with 

Python was needed to set the DVH dose bin widths of all the patients and structures to 

0.051 Gy, so a direct comparison with the data acquired from the TPS could be made. 

All the dosimetric parameters and the CI and HI determined in the analysis of the 

TPS data were also determined in this section, this time with the PRIMO data, and a 

similar comparison between techniques was performed with the same tools. 

Furthermore, the simulation times were compared between techniques. 

Following, the DVH and the dosimetric parameters determined so far with the 

data from the TPS and PRIMO were compared to assess agreement between tools; to 

check statistical significance, three Wilcoxon signed-rank tests were performed (one for 

each technique) instead of one Friedman test as was the case until this point. The chosen 

significance level was p < 0.05. 
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4 Results and discussion  

4.1 Results 

4.1.1 TPS 

 

In this section, the resulting DVH plotted from the data acquired from the TPS, as 

well as box plots for some dosimetric parameters are presented in a comparative 

manner. The results will give some insight about possible advantages of one technique 

over the others. 

The mean DVH for all structures for 3D-CRT, IMRT and HT are shown below. 

[Graph. 1]  

Graph 1 – Mean DVH of all structures, (a) 3D-CRT, (b) IMRT and (c) HT technique. 
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The mean DVH comparison between techniques for the PTV and CTV, as well 

as for some OAR, namely the heart, contralateral breast, ipsilateral lung and both lungs, 

are presented below. [Graph 2, 3] 

Graph 2 – Comparison of the mean DVH of the PTV and CTV between the three techniques; the bottom graphs are 
extracted from the graph on the top, separated by structure, zoomed in and centered on the prescribed dose of 50 Gy. 
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For the PTV, the dosimetric parameters that were determined were the mean 

dose, maximum dose, minimum dose, D2%, D95%, D98%, V107%, and V95%. Box plots showing 

the distributions of the results for the three techniques are presented below. [Graph 4, 

5][Table 1.1] 

Graph 3 – Comparison of the mean DVH of the heart, contralateral breast, ipsilateral lung and both lungs, between the 
three techniques. 
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Graph 4 – Comparison of the box plots of the mean, maximum, and minimum doses and D2% results for the PTV. 

Orange dash: median; blue square: mean; x mark: outliers (points ∉ [Q1 – 1.5 IQR, Q3 + 1.5 IQR]) 
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For the CTV, the dosimetric parameters that were determined were the mean 

dose, maximum dose, minimum dose, and V98%. Box plots showing the distributions of 

the results for the three techniques are presented below. [Graph 6][Table 1.2] 

Graph 5 – Comparison of the box plots of D95%, D98%, V107%, and V95% results for the PTV. 

Orange dash: median; blue square: mean; x mark: outliers (points ∉ [Q1 – 1.5 IQR, Q3 + 1.5 IQR]) 
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For the heart, the dosimetric parameters that were determined were the mean 

dose, maximum dose, V30Gy, V20Gy, V10Gy, and V5Gy. Box plots showing the distributions 

of the results for the three techniques are presented below. [Graph 7][Table 1.3] 

Graph 6 – Comparison of the box plots of the results for the CTV. 

Orange dash: median; blue square: mean; x mark: outliers (points ∉ [Q1 – 1.5 IQR, Q3 + 1.5 IQR]) 
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Graph 7 – Comparison of the box plots of the results for the heart. 

Orange dash: median; blue square: mean; x mark: outliers (points ∉ [Q1 – 1.5 IQR, Q3 + 1.5 IQR]) 
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For the contralateral breast (right), the dosimetric parameters that were 

determined were the mean dose and maximum dose. Box plots showing the distributions 

of the results for the three techniques are presented below. [Graph 8][Table 1.4] 

For the ipsilateral lung, the dosimetric parameters that were determined were the 

mean dose, V30Gy, V20Gy, and V10Gy. Box plots showing the distributions of the results for 

the three techniques are presented below. [Graph 9][Table 1.5] 

Graph 8 – Comparison of the box plots of the results for the contralateral breast. 

Orange dash: median; blue square: mean; x mark: outliers (points ∉ [Q1 – 1.5 IQR, Q3 + 1.5 IQR]) 
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For the lungs, the dosimetric parameters that were determined were the mean 

dose, V30Gy, V20Gy, and V10Gy. Box plots showing the distributions of the results for the 

three techniques are presented below. [Graph 10][Table 1.6] 

Graph 9 – Comparison of the box plots of the results for the ipsilateral lung. 

Orange dash: median; blue square: mean; x mark: outliers (points ∉ [Q1 – 1.5 IQR, Q3 + 1.5 IQR]) 
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For the spinal canal, the dosimetric parameter that was determined was the 

maximum dose. Box plots showing the distributions of the results for the three techniques 

are presented below. [Graph 11][Table 1.7] 

 

Graph 10 – Comparison of the box plots of the results for the lungs. 

Orange dash: median; blue square: mean; x mark: outliers (points ∉ [Q1 – 1.5 IQR, Q3 + 1.5 IQR]) 
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For the liver, the dosimetric parameters that were determined were the mean 

dose and V20 Gy. Box plots showing the distributions of the results for the three techniques 

are presented below. [Graph 12][Table 1.8] 

Graph 11 – Comparison of the box plots of the results for the spinal canal. 

Orange dash: median; blue square: mean; x mark: outliers (points ∉ [Q1 – 1.5 

IQR, Q3 + 1.5 IQR]) 

Graph 12 – Comparison of the box plots of the results for the liver. 

Orange dash: median; blue square: mean; x mark: outliers (points ∉ [Q1 – 1.5 IQR, Q3 + 1.5 IQR]) 
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Box plots showing the distributions of the CI and HI for the three techniques are 

presented below. [Graph 13][Table 1.9] 

Box plots showing the distributions of MU for the three techniques are presented 

below. [Graph 14][Table 1.10] 

Graph 13 – Comparison of the box plots of the results for the CI and HI. 

Orange dash: median; blue square: mean; x mark: outliers (points ∉ [Q1 – 1.5 IQR, Q3 + 1.5 IQR]) 

Graph 14 – Comparison of the box plots of the results for the MU. 

Orange dash: median; blue square: mean; x mark: outliers (points ∉ [Q1 – 1.5 IQR, Q3 

+ 1.5 IQR]) 
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4.1.2 PRIMO 

Considering the analysis performed to the TPS results, this section will present 

the resulting DVH plotted from the data acquired from PRIMO. Also, the box plots and 

numerical values for some dosimetric parameters are presented in a comparative 

manner. The results will give some insight about possible advantages of one technique 

over the others. 

The mean DVH for all structures for 3D-CRT, IMRT and HT are shown below. 

[Graph 1]

Graph 15 – Mean DVH of all structures, (a) 3D-CRT, (b) IMRT and (c) HT technique. From PRIMO. 
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The mean DVH comparison between techniques for the PTV and CTV, as well 

as for some OAR, namely the heart, contralateral breast, ipsilateral lung and both lungs, 

are presented below. [Graph 16, 17] 

Graph 16 – Comparison of the mean DVH of the PTV and CTV between the three techniques; the bottom graphs are extracted 
from the graph on the top, separated by structure, zoomed in and centered on the prescribed dose of 50 Gy. Acquired with 
PRIMO. 
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For the PTV, the dosimetric parameters that were determined were the mean 

dose, maximum dose, minimum dose, D2%, D95%, D98%, V107%, and V95%. Box plots showing 

the distributions of the results for the three techniques are presented below. [Graph 18, 

19][Table 2.1] 

Graph 17 – Comparison of the mean DVH of the heart, contralateral breast, ipsilateral lung and both lungs, between the three 
techniques. Acquired with PRIMO. 
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Graph 18 – Comparison of the box plots of the mean, maximum, and minimum doses and D2% results for the PTV. Acquired 
with PRIMO. 

Orange dash: median; blue square: mean; x mark: outliers (points ∉ [Q1 – 1.5 IQR, Q3 + 1.5 IQR]) 



FCUP 
3D-CRT vs. IMRT Technique – A Comparative Study In Breast Cancer Patients 

48 

 
 

48 
 

For the CTV, the dosimetric parameters that were determined were the mean 

dose, maximum dose, minimum dose, and V98%. Box plots showing the distributions of 

the results for the three techniques are presented below. [Graph 20][Table 2.2] 

Graph 19 – Comparison of the box plots of D95%, D98%, V107%, and V95% results for the PTV. Acquired with 
PRIMO. 

Orange dash: median; blue square: mean; x mark: outliers (points ∉ [Q1 – 1.5 IQR, Q3 + 1.5 IQR]) 
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For the heart, the dosimetric parameters that were determined were the mean 

dose, maximum dose, V30Gy, V20Gy, V10Gy, and V5Gy. Box plots showing the distributions 

of the results for the three techniques are presented below. [Graph 21][Table 2.3] 

Graph 20 – Comparison of the box plots of the results for the CTV. Acquired with PRIMO. 

Orange dash: median; blue square: mean; x mark: outliers (points ∉ [Q1 – 1.5 IQR, Q3 + 1.5 IQR]) 
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Graph 21 – Comparison of the box plots of the results for the heart. Acquired with PRIMO. 

Orange dash: median; blue square: mean; x mark: outliers (points ∉ [Q1 – 1.5 IQR, Q3 + 1.5 IQR]) 



FCUP 
3D-CRT vs. IMRT Technique – A Comparative Study In Breast Cancer Patients 

51 

 
 

51 
 

For the contralateral breast (right), the dosimetric parameters that were 

determined were the mean dose and maximum dose. Box plots showing the distributions 

of the results for the three techniques are presented below. [Graph 22][Table 2.4] 

 

For the ipsilateral lung, the dosimetric parameters that were determined were the 

mean dose, V30Gy, V20Gy, and V10Gy. Box plots showing the distributions of the results for 

the three techniques are presented below. [Graph 23][Table 2.5] 

Graph 22 – Comparison of the box plots of the results for the contralateral breast. Acquired with PRIMO. 

Orange dash: median; blue square: mean; x mark: outliers (points ∉ [Q1 – 1.5 IQR, Q3 + 1.5 IQR]) 
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For the lungs, the dosimetric parameters that were determined were the mean 

dose, V30Gy, V20Gy, and V10Gy. Box plots showing the distributions of the results for the 

three techniques are presented below. [Graph 24][Table 2.6] 

Graph 23 – Comparison of the box plots of the results for the ipsilateral lung. Acquired with PRIMO. 

Orange dash: median; blue square: mean; x mark: outliers (points ∉ [Q1 – 1.5 IQR, Q3 + 1.5 IQR]) 
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For the spinal canal, the dosimetric parameter that was determined was the 

maximum dose. Box plots showing the distributions of the results for the three techniques 

are presented below. [Graph 25][Table 2.7] 

Graph 24 – Comparison of the box plots of the results for the lungs. Acquired with PRIMO. 

Orange dash: median; blue square: mean; x mark: outliers (points ∉ [Q1 – 1.5 IQR, Q3 + 1.5 IQR]) 
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For the liver, the dosimetric parameters that were determined were the mean 

dose and V20 Gy. Box plots showing the distributions of the results for the three techniques 

are presented below. [Graph 26][Table 2.8] 

Graph 25 – Comparison of the box plots of the results for the spinal canal. Acquired 
with PRIMO. 

∉ 

Graph 26 – Comparison of the box plots of the results for the liver. Acquired with PRIMO. 

Orange dash: median; blue square: mean; x mark: outliers (points ∉ [Q1 – 1.5 IQR, Q3 + 1.5 IQR]) 
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Box plots showing the distributions of the CI and HI for the three techniques are 

presented below. [Graph 27][Table 2.9] 

 

4.1.3 TPS vs. PRIMO 

In this section, a results comparison between the two algorithms will be done. 

The results will be presented by DVH plot and box plots. 

The mean DVH for all structures for 3D-CRT, IMRT and HT are shown below. 

[Graph 28] 

Graph 27 – Comparison of the box plots of the results for the CI and HI. Acquired with PRIMO. 

Orange dash: median; blue square: mean; x mark: outliers (points ∉ [Q1 – 1.5 IQR, Q3 + 1.5 IQR]) 
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The mean DVH comparison between techniques and tools for the PTV, as well 

as for some OAR, namely the heart, contralateral breast, ipsilateral lung and both lungs, 

are presented below. [Graph 29, 30] 

Graph 28 – Mean DVH of all structures, (a) 3D-CRT, (b) IMRT and (c) HT technique, acquired with the TPS and PRIMO. 
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Graph 29 – Comparison of the mean DVH of the PTV among the three techniques and the two tools; the bottom graphs are 
extracted from the graph on the top, separated by tool, zoomed in and centered on the prescribed dose of 50 Gy. 
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Graph 30 – Comparison of the mean DVH of the heart, contralateral breast, ipsilateral lung and both lungs, between the three 
techniques and two tools. 
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Box plots comparing all the dosimetric parameters among the three techniques 

and between the TPS and PRIMO are presented below.  

Graph 31 – Comparison of the box plots of the results for the PTV. 

Orange dash: median; green square: mean; x mark: outliers (points ∉ [Q1 – 1.5 IQR, Q3 + 1.5 IQR]) 
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Graph 32 – Comparison of the box plots of the results for the PTV. 

Orange dash: median; green square: mean; x mark: outliers (points ∉ [Q1 – 1.5 IQR, Q3 + 1.5 IQR]) 
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Graph 33 – Comparison of the box plots of the results for the CTV. 

Orange dash: median; green square: mean; x mark: outliers (points ∉ [Q1 – 1.5 IQR, Q3 + 1.5 IQR]) 



FCUP 
3D-CRT vs. IMRT Technique – A Comparative Study In Breast Cancer Patients 

62 

 
 

62 
 

Graph 34 – Comparison of the box plots of the results for the heart. 

Orange dash: median; green square: mean; x mark: outliers (points ∉ [Q1 – 1.5 IQR, Q3 + 1.5 IQR]) 
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Graph 35 – Comparison of the box plots of the results for the contralateral breast. 

Orange dash: median; green square: mean; x mark: outliers (points ∉ [Q1 – 1.5 IQR, Q3 + 1.5 IQR]) 

Graph 36 – Comparison of the box plots of the results for the ipsilateral lung. 

Orange dash: median; green square: mean; x mark: outliers (points ∉ [Q1 – 1.5 IQR, Q3 + 1.5 IQR]) 
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Graph 37 – Comparison of the box plots of the results for the lungs. 

Orange dash: median; green square: mean; x mark: outliers (points ∉ [Q1 – 1.5 IQR, Q3 + 1.5 

IQR]) 

Graph 38 – Comparison of the box plots of the results for the 
spinal canal. 

Orange dash: median; green square: mean; x mark: outliers 

(points ∉ [Q1 – 1.5 IQR, Q3 + 1.5 IQR]) 
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Graph 39 – Comparison of the box plots of the results for the liver. 

Orange dash: median; green square: mean; x mark: outliers (points ∉ [Q1 – 1.5 IQR, Q3 + 1.5 IQR]) 

Graph 40 – Comparison of the box plots of the results for CI and HI. 

Orange dash: median; green square: mean; x mark: outliers (points ∉ [Q1 – 1.5 IQR, Q3 + 1.5 IQR]) 
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4.2 Discussion 

4.2.1 TPS 

The DVH comparisons for both the CTV and the PTV show that the HT curves 

were the first to decrease, followed by the 3D-CRT and then the IMRT. IMRT was able 

to deliver the prescribed dose of 50 Gy to a larger volume of the CTV and the PTV, 

compared with 3D-CRT which, in turn, delivered 50 Gy to larger portions of the target 

volumes than HT. The slope of the IMRT DVH was steeper than the slopes of 3D-CRT 

and HT, which portrayed the technique’s success at reducing the percentage volume of 

the target structures receiving doses higher than the prescribed dose i.e., IMRT ended 

up resulting in smaller high dose regions than 3D-CRT and, for even higher doses, also 

than HT. For all values of absorbed dose, HT deposited that dose to a smaller percentage 

volume of the CTV and PTV than 3D-CRT: a disadvantage for doses lower than 50 Gy 

and an advantage for doses higher than 50 Gy. 

For the heart, the DVH show that IMRT performed poorly in terms of low dose 

regions, resulting in larger percentage volumes receiving low doses than HT and 3D-

CRT; HT delivered low doses to slightly higher percentage volumes than 3D-CRT. For 

higher doses, HT and 3D-CRT stayed nearly identical and IMRT was capable of 

delivering high doses to less heart volume compared with the other techniques. For the 

ipsilateral lung and both lungs, IMRT also resulted in larger low dose regions, but the 

slight difference between HT and 3D-CRT that appeared for the heart seemed to be 

almost non-existent for these structures, and IMRT was able to reduce the portion of the 

targets receiving high doses. For higher doses, the relative results between techniques 

were the same as for the heart. For the contralateral breast, IMRT resulted in larger low 

dose regions, and HT slightly resulted in more low dose regions than 3D-CRT. 

In terms of dosimetric parameters, for the PTV, the statistically significant 

differences found in the results were as follows (with the respective p-value extracted 

from the post-hoc Nemenyi hypothesis test) : 3D-CRT resulted in a slightly higher mean 

dose compared with HT (p = 0.01); 3D-CRT deposited a higher D2% compared with IMRT 

and HT (p < 0.01, p = 0.02); HT resulted in a lower D95% compared with 3D-CRT and 

IMRT (p = 0.03, p < 0.01); 3D-CRT ended up forming a larger V107% hot spot region 

compared with IMRT and HT (p < 0.01, p < 0.01); 3D-CRT achieved a wider V95% than 

HT (p = 0.03). 
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For the CTV, HT resulted in a lower mean dose compared with 3D-CRT and IMRT 

(p < 0.01, p < 0.01); IMRT resulted in a larger V98% compared with 3D-CRT and HT (p = 

0.01, p < 0.01). 

For the Heart, IMRT resulted in a higher mean dose compared with 3D-CRT (p < 

0.01); IMRT resulted in a lower maximum dose compared with 3D-CRT (p = 0.03); IMRT 

resulted in a larger V10Gy than 3D-CRT and HT (p < 0.01, p < 0.01); IMRT resulted in a 

larger V5Gy than 3D-CRT and HT (p < 0.01, p < 0.01). 

For the contralateral breast, IMRT resulted in a slightly higher mean dose 

compared with 3D-CRT and HT (p < 0.01, p = 0.01); IMRT resulted in higher maximum 

dose than 3D-CRT (p = 0.03). 

For the ipsilateral lung, IMRT resulted in smaller V30Gy compared with 3D-CRT 

and HT (p = 0.01, p = 0.02); IMRT resulted in larger V10Gy compared with 3D-CRT and 

HT (p < 0.01, p < 0.01). 

For the lungs, IMRT resulted in smaller V30Gy compared with 3D-CRT (p = 0.01), 

and larger V10Gy with IMRT compared with 3D-CRT and HT (p < 0.01, p < 0.01). 

For the spinal canal, IMRT resulted in higher maximum dose compared with 3D-

CRT and HT (p < 0.01, p < 0.01). 

For the liver, IMRT resulted in higher mean dose compared with 3D-CRT and HT 

(p < 0.01, p < 0.01). 

The conformity index had its best (highest, closest to 1) result with IMRT, 

compared with 3D-CRT and HT (p < 0.01, p < 0.01). The homogeneity index also had its 

best (lowest, closest to 0) result with IMRT, compared with 3D-CRT and HT (p < 0.01, p 

= 0.02). 

In terms of MU, all three techniques showed statistically significant differences 

among themselves, with 3D-CRT, HT and IMRT employing a number of MU by 

ascending order (all pair-wise p < 0.01); IMRT used a particularly high number of MU, 

while the difference between 3D-CRT and HT wasn’t so large.

4.2.2 PRIMO 

The DVH comparisons for both the CTV and the PTV show that the HT curves 

were the last to decrease and there were very high doses delivered to large volumes of 
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the targets; also, the results were very dispersed, which can be noted by the high 

standard deviation. Clearly, something about the HT results is wrong and extremely 

different from the Eclipse results. We found a pattern that indicated PRIMO does not 

handle the presence of wedges well, as the HT plans without wedges were acceptable, 

while the plans with wedges resulted in very high doses to the targets. One plan with 

wedges and one without wedges were calculated for the same patient and this issue was 

verified. This case will be presented later, but it is being mentioned here to warn the 

reader about the unreliability of the HT results that are being shown here. IMRT was able 

to deliver the prescribed dose of 50 Gy to a larger volume of the CTV and the PTV, 

compared with 3D-CRT. The slope of the IMRT DVH was steeper than the slope of 3D-

CRT, which portrayed the technique’s success at reducing the percentage volume of the 

target structures receiving doses higher than the prescribed dose i.e., IMRT ended up 

resulting in smaller high dose regions than 3D-CRT.  

For the heart, the DVH show that IMRT performed poorly in terms of low dose 

regions, resulting in larger percentage volumes receiving low doses than HT and 3D-

CRT; HT delivered low doses to slightly higher percentage volumes than 3D-CRT. For 

higher doses, HT showed larger percentage volumes receiving high doses than 3D-CRT, 

and IMRT was capable of delivering high doses to less heart volume compared with the 

other techniques. For the ipsilateral lung and both lungs, IMRT also resulted in larger low 

dose regions, but the slight difference between HT and 3D-CRT that appeared for the 

heart seemed to be almost non-existent for these structures. For higher doses, HT 

showed larger percentage volumes receiving high doses than 3D-CRT, and IMRT was 

able to reduce the portion of the targets receiving high doses. For the contralateral 

breast, IMRT resulted in larger low dose regions, and HT slightly resulted in more low 

dose regions than 3D-CRT. 

In terms of dosimetric parameters, for the PTV, the statistically significant 

differences found in the results were as follows (with the respective p-value extracted 

from the post-hoc Nemenyi hypothesis test) : HT resulted in a higher mean dose 

compared with 3D-CRT and IMRT (p = 0.01, p = 0.01); 3D-CRT resulted in a lower 

maximum dose compared with IMRT and HT (p = 0.03, p < 0.01); IMRT resulted in a 

higher minimum dose compared with 3D-CRT (p = 0.02); HT resulted in a higher D2% 

than IMRT (p < 0.01); HT resulted in a higher D95% than 3D-CRT (p < 0.01); HT resulted 

in a higher D98% than 3D-CRT and IMRT (p < 0.01, p = 0.02); HT resulted in a much larger 

V107% compared with 3D-CRT and IMRT (p = 0.03, p < 0.01); HT resulted in a larger V95% 

than 3D-CRT (p < 0.01). 
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For the CTV, HT resulted in a higher mean dose compared with 3D-CRT and 

IMRT (p = 0.01, p = 0.02); HT resulted in a higher maximum dose than 3D-CRT (p = 

0.01); HT resulted in a higher minimum dose than 3D-CRT and IMRT (p < 0.01, p = 0.01); 

HT resulted in a larger V98% than 3D-CRT (p < 0.01). 

For the heart, IMRT resulted in a higher mean dose than 3D-CRT (p < 0.01); HT 

resulted in a higher maximum dose than 3D-CRT and IMRT (p = 0.02, p = 0.01); IMRT 

resulted in a larger V10Gy than 3D-CRT (p = 0.01); IMRT resulted in a larger V5Gy than 3D-

CRT (p < 0.01). 

For the contralateral breast, IMRT resulted in a higher mean dose than 3D-CRT 

and HT (p < 0.01, p < 0.01). 

For the ipsilateral lung, IMRT resulted in a larger V10Gy compared with 3D-CRT 

and HT (p < 0.01, p < 0.01). 

For the lungs, IMRT resulted in a larger V10Gy compared with 3D-CRT and HT (p 

< 0.01, p < 0.01). 

For the spinal canal, IMRT resulted in a much higher maximum dose compared 

with 3D-CRT and HT (p < 0.01, p < 0.01). 

For the liver, IMRT resulted in a higher mean dose compared with 3D-CRT and 

HT (p < 0.01, p < 0.01). 

The conformity index had its best (highest, closest to 1) result with IMRT, 

compared with 3D-CRT and HT (p < 0.01, p < 0.01). The homogeneity index had its 

worst (furthest from 0) result with HT, compared with 3D-CRT and IMRT (p = 0.01, p < 

0.01). 

4.2.3 Comparison with the literature  

According to the literature, statistically significant differences that some authors 

found for the PTV were as follows: Xiaoxue Xie et al.16 found that their approach to HT 

resulted in larger V95% than 3D-CRT and IMRT, which contradicts our results from the 

TPS and partially agrees with the results from PRIMO; Yi-Chi Liu et al.18 found higher 

maximum dose with HT compared with IMRT, higher minimum dose with IMRT 

compared with HT, larger V95% with IMRT compared with HT, larger V107% with HT 

compared with IMRT, agreeing with the results from PRIMO, although the results we got 

stem from a simulation problem, and higher D98% with IMRT compared with HT, 
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disagreeing with our results from PRIMO; William Rodriguez27 found lower D2% and D95% 

with IMRT compared with 3D-CRT. 

For the heart, Gamal Elhusseiny, MD et al.28 found smaller V5Gy, V20Gy, V30Gy, and 

V40Gy with IMRT compared with 3D-CRT, and the V5Gy contradicts our results from the 

TPS and PRIMO; Xiaoxue Xie et al.16 found smaller V5Gy with 3D-CRT than with IMRT 

and HT, with the IMRT resulting in larger low dose regions than 3D-CRT agreeing with 

our results from the TPS and PRIMO, larger V10Gy with IMRT compared with 3D-CRT 

and HT, agreeing with our results from the TPS and partially agreeing with the results 

from PRIMO, and narrower V40Gy with IMRT than with 3D-CRT and HT; Jackie Yim et 

al.17 found lower mean dose with 3D-CRT than with HT; Yi-Chi Liu et al.18  found higher 

mean dose with IMRT than with HT, higher maximum dose with IMRT compared with 

HT, disagreeing with our results from PRIMO, and larger V5Gy with IMRT than with HT, 

agreeing with our results from the TPS; William Rodriguez27 found a higher mean dose 

with IMRT step-and-shoot than with 3D-CRT, which in turn was higher than dynamic 

MLC IMRT, contradicting our results from the TPS and PRIMO. 

For the contralateral breast, Attallah, H.S. et al.29 found lower mean dose with 

3D-CRT compared with IMRT, agreeing with our results from the TPS and PRIMO; 

Gamal Elhusseiny, MD et al.28 found higher mean dose with 3D-CRT than with IMRT, 

contradicting our results from the TPS and PRIMO; Xiaoxue Xie et al.16 found greater 

mean dose with IMRT compared with 3D-CRT and HT, agreeing with our results from 

the TPS and PRIMO; Jackie Yim et al.17 found higher maximum dose with 3D-CRT than 

with HT; Yi-Chi Liu et al.18  found higher mean dose with IMRT than with HT, agreeing 

with our results from the TPS and PRIMO, and higher maximum dose with IMRT than 

with HT; William Rodriguez27 found higher maximum dose with 3D-CRT compared with 

IMRT, disagreeing with our results, and higher mean dose with IMRT compared with 3D-

CRT, agreeing with our results from the TPS and PRIMO. 

For the ipsilateral lung, Gamal Elhusseiny, MD et al.28 found lower mean dose 

with IMRT than with 3D-CRT, smaller V20Gy with IMRT than with 3D-CRT, and smaller 

V30Gy with IMRT than with 3D-CRT, the latter agreeing with our results; Xiaoxue Xie et 

al.16 found larger V13Gy with IMRT than with 3D-CRT and HT, agreeing with our results 

from the TPS and PRIMO for V10Gy (low dose regions), and smaller V30Gy and V40Gy with 

IMRT compared with 3D-CRT and HT, agreeing with our results; Yi-Chi Liu et al.18  found 

higher mean dose with IMRT than with HT, larger V5Gy and V10Gy with IMRT than with HT, 

agreeing with our results from the TPS and PRIMO for low dose regions, wider V20Gy with 
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IMRT than with HT, and larger V30Gy with IMRT than with HT, contradicting our results; 

William Rodriguez27 found higher V20Gy with dynamic IMRT than with 3D-CRT. 

For the indices, Attallah, H.S. et al.29 found better HI with IMRT than with 3D-

CRT, agreeing with our results from the TPS; Gamal Elhusseiny, MD et al.28 found better 

HI with 3D-CRT than with IMRT, disagreeing with our results from the TPS; Xiaoxue Xie 

et al.16 found better HI and CI with IMRT and HT than with 3D-CRT, partially agreeing 

with our results from the TPS and PRIMO; Jackie Yim et al.17 found better HI with HT 

than with 3D-CRT, disagreeing with our results from PRIMO; Yi-Chi Liu et al.18  found 

better CI with HT than with IMRT, disagreeing with our results from the TPS and PRIMO, 

and better HI with IMRT compared with HT, agreeing with our results from the TPS and 

PRIMO; William Rodriguez27 found better CI with IMRT compared with 3D-CRT, 

agreeing with our results from the TPS and PRIMO. 

Xiaoxue Xie et al.16 found that the average MU required for 3D-CRT was nearly 

2.2 and 1.75-fold less than for IMRT and HT, respectively; Yi-Chi Liu et al.18 found less 

MU usage with HT than with IMRT; William Rodriguez27 found immensely higher MU with 

IMRT than with 3D-CRT. The order of ascending MU usage reported by these authors 

agree with our results, but our IMRT results seem to have used an exaggerate amount 

of MU. 

4.2.4 TPS vs. PRIMO  

Comparing our results from the TPS and PRIMO, the statistically significant 

differences that were found (evaluated by the p-value of the Wilcoxon Signed Rank test 

with a significance level of p < 0.05) are stated below. 

For the PTV, the mean dose was higher with the TPS for the 3D-CRT and IMRT, 

but higher with PRIMO for the HT (p < 0.01, p < 0.01, p < 0.01); the maximum dose was 

higher with PRIMO for all three techniques (p < 0.01, p < 0.01, p < 0.01); the minimum 

dose was higher with the TPS for all three techniques (p = 0.04, p = 0.02, p = 0.01); D2% 

was higher with PRIMO for the HT (p < 0.01); D95% was higher with the TPS for 3D-CRT 

and IMRT (p < 0.01, p < 0.01); D98% was higher with the TPS for 3D-CRT and IMRT (p < 

0.01, p < 0.01); V107% was larger with the TPS for 3D-CRT, but larger with PRIMO for 

IMRT and HT (p = 0.01, p =0.02, p < 0.01); V95% was larger with the TPS for 3D-CRT 

and IMRT (p < 0.01, p  < 0.01). 

For the CTV, the mean dose was higher with the TPS for 3D-CRT and IMRT, but 

higher with PRIMO for the HT (p < 0.01, p < 0.01, p < 0.01); the maximum dose was 
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higher with PRIMO for all three techniques (p < 0.01, p < 0.01, p < 0.01); the minimum 

dose was higher with PRIMO for the HT (p = 0.02); V98% was larger with the TPS for 3D-

CRT and IMRT (p < 0.01, p < 0.01). 

For the heart, the maximum dose was higher with PRIMO for the HT (p = 0.01). 

For the contralateral breast, the mean dose was higher with PRIMO for all three 

techniques (p < 0.01, p < 0.01, p < 0.01). 

For the ipsilateral lung, no significant differences were spotted. 

For the lungs, no significant differences were spotted. 

For the spinal canal, no significant differences were found. 

For the liver, the mean dose was higher with PRIMO for all three techniques (p < 

0.01, p < 0.01, p < 0.01). 

The CI was better with the TPS for IMRT and HT (p = 0.03, p = 0.03), and HI was 

better with the TPS for all three techniques (p < 0.01, p < 0.01, p < 0.01). 

4.2.5 The wedge issue  

The dosimetric results for the target volumes and, consequently, for the 

homogeneity and conformity indices suggest PRIMO had some trouble simulating HT 

plans. After inspecting some plans, a pattern was noticed: the plans that had wedges 

seemed to disagree with the results from the TPS by a large degree, resulting in higher 

doses to the target volumes and larger hot spots; also, the distribution of the results 

showed a very noticeable dispersion, ending up in a larger than desired plan-wise 

variability. On the other hand, PRIMO simulations of plans without wedges seemed to 

behave well and have acceptable results.  

Picking one patient as an example, two plans were designed: one with wedges 

and one without. Each of those plans provided results from the TPS and PRIMO. 

The DVH and lateral dose profiles on the isocentre of the plans are compared 

below. [Graph 41, 42, 43, 44] 

By looking at the DVH, it is noticeable that differences regarding the OAR are 

practically negligible, but the differences for the CTV and PTV are significant. The TPS 

handled both plans well, but the PRIMO simulation of the plan with wedge resulted in 
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large high dose volumes, while the TPS and PRIMO curves of the plan without wedges 

were much closer to each other. 

Analysing the lateral dose profiles on the isocentre [Graph 42, 43, 44], it’s shown 

that while the curves of the TPS and PRIMO for the plan without wedges are very close, 

the distance between them enlarges for the plan with wedge, with PRIMO sometimes 

surpassing the prescribed dose; also, for x and z, the TPS and PRIMO profiles for the 

plan without wedge are nearly “flat”, while the PRIMO profiles for the plan with wedge 

show a significant slope, suggesting PRIMO ignores the presence of wedges and, thus, 

homogeneity was lost.  Especially in the profiles along x and z, on the right and left side 

of the curves, respectively, the PRIMO curves appear to display some noisy readings, 

while the TPS curves are flat at 0; this happens because those regions correspond to 

the extremity of the breast and while the TPS does not calculate the radiation absorption 

outside delineated structures, PRIMO does and the values shown for the blue curves 

most likely represent dose absorption in air voxels. The normalized difference is 

calculated as the percentage difference between the PRIMO and TPS doses, normalized 

at the maximum dose from PRIMO (the reference curve).  

Graph 41 – Comparison of the DVH as provided by the TPS and PRIMO between the plan without wedges and the plan 
with wedge.  
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Graph 42 – Comparison between the dose profiles along x from the TPS and PRIMO, for the plan without 
wedge and the plan with wedge. 

Graph 43 – Comparison between the dose profiles along y from the TPS and PRIMO, for the plan without 
wedge and the plan with wedge. 



FCUP 
3D-CRT vs. IMRT Technique – A Comparative Study In Breast Cancer Patients 

75 

 
 

75 
 

Graph 44 – Comparison between the dose profiles along z from the TPS and PRIMO, for the plan without 
wedge and the plan with wedge. 
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5 Conclusions and future work  

The DVH resulting from the TPS calculations showed that IMRT achieved better 

target coverage than the other two techniques and although 3D-CRT achieved better 

coverage than HT, it also resulted in larger high dose areas compared with HT. 

Regarding OAR, IMRT resulted in larger low dose volumes compared with the other 

techniques, but was better at sparing those OAR from high doses; HT resulted in slightly 

larger low dose volumes compared with 3D-CRT for the heart, but other than that those 

two techniques behaved similarly for the OAR. In terms of dosimetric parameters 

extracted from the TPS results, for the PTV, HT achieved the best mean dose, IMRT and 

HT resulted in the best D2%, IMRT and 3D-CRT resulted in the best D95%, IMRT and HT 

formed smaller V107% hot spot regions than 3D-CRT, and 3D-CRT and IMRT resulted in 

the best V95% coverage; for the CTV, HT resulted in the best mean dose and IMRT 

resulted in the best V98% coverage; for the heart, 3D-CRT and HT resulted in the lowest 

mean doses, IMRT resulted in the lowest maximum dose, and 3D-CRT and HT resulted 

in smaller low dose volumes V5Gy and V10Gy; for the contralateral breast, 3D-CRT and HT 

resulted in the lowest mean doses, and 3D-CRT resulted in the lowest maximum dose; 

for the ipsilateral lung, IMRT resulted in the smallest V30Gy, and 3D-CRT and HT resulted 

in the smallest V10Gy; for the lungs, the results were analogous; for the spinal canal, 3D-

CRT and HT were the best at reducing the maximum dose to the spinal canal; for the 

liver, 3D-CRT and HT resulted in lower mean doses. IMRT achieved the best 

homogeneity and conformity indices, while 3D-CRT and HT achieved practically identical 

results. IMRT used almost 4 times as much MU as 3D-CRT and around 3 times as much 

as HT, which is a problem for IMRT since there is an augmented risk of radiation 

originating from leakage from the linac’s head and from scattering in the collimators that 

can end up absorbed by the patient and lead to radiation-induced long-term 

complications.    

 

 Regarding the PRIMO results, reliable conclusions cannot be stated as the 

obtained HT results come from deficient calculations due to the presence of wedges in 

some plans. 

 

 Taking only into account the 3D-CRT and IMRT techniques, for the PTV, the TPS 

resulted in higher mean doses with 3D-CRT and IMRT, the maximum dose was higher 

with PRIMO for all techniques, the minimum dose was higher with the TPS for all 

techniques, D95% and D98% were higher with the TPS for 3D-CRT and IMRT, V107% was 
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larger with the TPS for 3D-CRT, but larger with PRIMO for IMRT, V95% was larger with 

the TPS for 3D-CRT and IMRT; for the CTV, the mean dose was higher with the TPS for 

3D-CRT and IMRT, the maximum dose was higher with PRIMO for all techniques, V98% 

was larger with the TPS for 3D-CRT and IMRT; for the contralateral breast, the mean 

dose was higher with PRIMO for all techniques; for the liver, the mean dose was higher 

with PRIMO for all techniques; for the heart, the ipsilateral lung, the lungs and the spinal 

canal, no significant differences were found. IMRT resulted in a better CI with the TPS, 

compared with PRIMO, and the TPS calculations resulted in better HI for all techniques. 

 

 One patient was treated with the developed HT. A 3D-CRT was calculated, but it 

failed a constraint in the ipsilateral lung, V20Gy < 20%. To solve the issue, an approach to 

a HT plan was made and combining the advantages of both IMRT and 3D-CRT, that 

ipsilateral lung constraint was met, and the target coverage was acceptable. 

 

  

For future work, the HT plans with wedges could be calculated from scratch, this 

time without wedges and clinically equivalent, and the comparative study redone. Other 

idea would be to report this issue to the PRIMO developers and, if the problem is 

recognized, design the best HT plans possible regardless of the presence of wedges. 

Also, it is thought that the HT plans could improve if the weight of the IMRT beams 

increased, as it would enhance the PTV coverage and the detrimental consequence to 

the OAR would probably be minimal. Looking for the heart and breast volumes and 

breast separation of the patients and relating them to the HT treatment success could be 

an option, as those structure volumes are likely criteria for the outcome of the treatment. 

An approach with a physical phantom and linac could be made and those results could 

be compared with the TPS and PRIMO calculations.  
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Attachments 

1. TPS results 
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2. PRIMO results 
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3. ECMP e-poster 

Figure 3.1 – e-poster for the fourth European Congress in Medical Physics 2022, Dublin. Early version of this work, without 
PRIMO results.  


