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1. INTRODUCTION 

In the present work, I explored innovative radiotherapy (RT) techniques for 

treatment optimization in breast cancer patients to spare the heart from radiation 

exposure and obtain a better and safer treatment strategy.  

I have implemented a moderate deep inspiration breast hold (DIBH) radiation 

technique and prospectively collected data on this treatment to assess the efficacy 

and advantage of this procedure in left breast cancer treatment.  

This study applied a model-based approach to data by calculating the normal tissue 

complication probability (NTCP) to determine the probability of damage induced 

on normal tissues for given radiation doses to OAR in terms of cardiac mortality 

probability. 

The second and third parts of the thesis analyzed an alternative heart-sparing 

technique and a new cardiac damage detection approach. Thus, I described two 

ongoing trials in which I am our site PI and co-investigator, the first is about 

cardiac sparing technique for even more selected patients, and the second is about 

early detection of cardiotoxicity. 

In the last part, I introduced a future perspective, with my project-approved 

proposal on a neoadjuvant RT, a new potential cardiac sparing approach, and an 

unmet need in our clinical practice. 
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2. BACKGROUND 
 

Breast cancer is the most common cancer among women. The modern post-

surgery treatment with chemotherapy, immunotherapy, radiation and hormone 

therapy has improved the overall 5-years survival drastically. (1) 

Systemic therapy is an essential part of treatment for preventing recurrence in 

many patients with breast cancer. It includes hormonal-, chemo- and/or 

biological therapy. Anthracycline-based regimens are one of the most effective 

according to the stage, tumor grade, molecular subtypes, genomic risk score and 

patient’s preference. Moreover, 20% of breast cancers have ErbB-2 protein 

overexpression or ErbB-2 gene amplification. These patients benefit from ErbB-

2-targeted therapy. (1) 

Lumpectomy followed by whole-breast radiation therapy is the standard of care 

for the treatment of early-stage breast cancer (BC) in order to decrease the risk 

of disease recurrence and reducing the risk for breast cancer death.(2) 

Locoregional radiotherapy(RT) is well known to improve local control and 

overall survival in patients treated with breast conserving therapy (BCT) (3–8).  

Part of this gain is counterbalanced by the risk of mortality and morbidity from 

cardiovascular damage and dysfunction as a result of cardiac exposure to post-

surgery treatments. With advances in cancer diagnosis and management 

techniques, patients are early diagnosed, live longer, and are, therefore, at 

increased risk of developing long-term complications from the treatment. (9)  

Several chemotherapeutic agents (e.g. anthracyclines, trastuzumab) are known 

to have cardiotoxic effects.(10) Cardiovascular complications from cancer 

therapy are a very heterogeneous group e.g. myocardial dysfunction, heart 
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failure (HF), coronary artery disease, valvular disease, arrhythmias, arterial 

hypertension, etc. One of the most worrisome adverse effects is ventricular 

dysfunction and heart failure. While the incidence of overt heart failure is less 

than 5% typically, subclinical left ventricular (LV) dysfunction, defined by a 

threshold change in LV ejection fraction (LVEF), may be seen in up to 42% of 

patients with cancer in selected treatment groups. (11–13) 

The development of LV dysfunction is associated with poor prognosis and 

contributes to long-term cardiovascular morbidity and mortality. (14–16) 

Cardiotoxicity from breast cancer treatment is the main mortality reason after 

malignancy in these patients. (17) 

It varies among studies and so does the definition of cardiotoxicity. American 

Society of Echocardiography and European Association of Cardiovascular 

Imaging Expert Consensus defines cardiotoxicity as a decline of left ventricular 

ejection fraction (LVEF) ≥10% points with a final LVEF <53%. (18,19) 

Echocardiography (ECHO) is currently the standard method for detecting 

cardiotoxicity, usually by monitoring serial LVEF. Current guidelines suggest 

ECHO at baseline before potentially cardiotoxic treatment, after the end of 

anthracycline therapy/before the start of trastuzumab treatment and every three 

months during trastuzumab treatment. 

Radiation-induced cardiotoxicity (RICT) usually develops years after RT, and 

most of the time it consists of interstitial myocardial fibrosis. Also, RT may be 

associated with a higher incidence of ischemic heart disease through the 

development of severe atherosclerotic and non-atherosclerotic disease, 

complicated by plaque rupture and thrombosis, and potentially with coronary 

spasm. (18) 



6 

  
The spectrum of RICT, in fact, includes coronary heart disease (prevalence up 

to 85%), pericardial disease with a prevalence up to 6 – 30% (acute pericarditis, 

delayed pericarditis, pericardial effusion, and constrictive pericarditis), 

congestive heart failure, valvular heart disease (prevalence at 10 years: 26% AI, 

39% MR, 16% TR and 7% PR 

At 20 years: 60% AI, 16% AS, 52% MR, 26% TR, 12% PR), cardiomyopathy 

(prevalence up to 10%), and arrhythmias (prevalence up to 5%). Vascular injury 

and myocardial damage from RT can be silent, and in about a half of 

asymptomatic patients, new myocardial perfusion defects can develop.(20) 

More specifically, Coronary Artery Disease usually occurs 10 years after 

radiation therapy, it is due to epicardial coronary arteries and microcirculatory 

damage, and sustained inflammation. Involves the left main artery, ostial left 

anterior descendent coronary artery (LAD) and right coronary artery. Lesions 

are longer, concentric, and tubular. 

Valvular heart disease is due to diffuse fibrosis of the valvular cusps or leaflets, 

with or without calcification. It consists in an initial regurgitation related to 

valve retraction; later stenosis related to thickening/calcification.(21) 

Cardiomyopathy is due to increased fibrosis in all three layers of the ventricular 

walls (epicardium, myocardium, and endocardium). May lead to restrictive 

cardiomyopathy, and rarely to systolic dysfunction.(21) 
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Fig. 1 Overview of Putative Pathogenesis of Radiation-Induced Heart Disease. 
(62) 

 
Cardiac magnetic resonance (CMR) is the most accurate methodology for the 

evaluation of volumes and function of heart chambers. Additionally, it is 

exquisitely capable of providing myocardial tissue characterization, including 

specifically the presence and extension of myocardial edema and fibrosis.(21)  

Serial CMR imaging in women treated for breast cancer with anthracycline-

based chemotherapy showed a reduction in LVEF 12 to 24 months after 

initiating therapy. Few recent studies have suggested that LVEF could start to 

decline earlier, but the prognostic implications of these early changes are not yet 

known.  

Moreover, breast cancer patients, who receive RT, have an increased risk for 

acute asymptomatic pericardial effusion, which can also be distinguished by 

CMR.(22) 

CMR is the most sensitive and reproducible measure of LVEF.  

Radiotherapy treatment of left-sided breast cancers patients, treated by chemo, 

results in increased risks of cardiac diseases and ischemic heart events. 
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Darby et al. (23,24) metanalysis evidenced that there is no “safe” radiotherapy 

dose to the heart and reported that an increase of 1 Gy to the mean dose to the 

heart results in a 7.4% relative increase in the risks of major coronary events. 

This metanalysis also confirmed that RICT begins in the first few years after 

treatment. (3,23–29) These findings suggest that a tailored RT treatment could 

be beneficial in some cases, specifically in those patients who are at increased 

risk of developing a heart disfunction. 

Due to these concerns, various strategies to reduce heart dose in patients with 

left-side breast cancer have been studied, such as the use of a three-dimensional 

conformal radiotherapy heart block, intensity-modulated radiotherapy(IMRT), 

lateral decubitus position (30), prone breast technique (31–33), and respiratory 

gating (34–36).  

The increasing use of advanced radiotherapy techniques, IMRT, IGRT, VMAT, 

allows to conform radiation dose to the target and to avoid or reduce exposure 

of healthy tissue by limiting the side effects, with the cost of increased low-dose 

radiation to the organ at risks. Furthermore the spread use of systemic therapies 

(chemotherapy, hormonal therapy, targeted drugs, and immunotherapy) in the 

treatment  of breast cancer patients, increases the need to deepen the 

relationship between these therapies, the target dose and the possible 

development of late complications and underline the needed for a more tailored 

planification, contouring, innovative treatment (fractions, doses, and timing) 

and monitoring guidelines.  

The aim of my project is to create a model-based approach for cardiac sparing 

in left-side breast cancer patients adjuvant RT. It will allow to strictly select 

patients at higher risk of develop treatment-related cardiotoxicity. 
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3. PRELIMINARY DATA. 

 

3.1 TREATMENT-RELATED CARDIOTOXICITY 
 

• The incidence of cardiotoxicity from trastuzumab is 1,7-20,1% and from 

anthracycline 3-48%. (18) 

The actual incidence of radiation-induced cardiotoxicity is difficult to evaluate. 

Some studies have found a relative risk of fatal cardiovascular events between 1 

and 2.2 in patients with breast cancer. Studies have suggested a synergistic 

effect on cardiac risk with left breast RT and cardiotoxic chemotherapy. 

Systolic dysfunction is generally observed when RT is combined with 

anthracyclines. (37) 

The latency of RT-associated cardiac effects ranges from months, for 

subclinical disorders such as pericarditis, to decades, for clinical diseases such 

as coronary artery disease (38) 

• Rates of major coronary events increase linearly with mean dose to heart by 

7.4% per Gray, no threshold. (25) These results on radiation-induced ischemic 

heart disease were confirmed in a more recent study of breast cancer patients 

treated with three-dimensional conformal radiation therapy (3D-CRT). (39) 

Heart damage debut within the first 5 years after RT, continuing into the third 

decade after RT. (25) Women with pre-existing cardiac risk factors have a 

higher absolute increase in risk, than other women. (25) 

Incidental radiation exposure to the heart during breast radiation therapy (RT) 

increases the risk of heart disease. There is a dose-response relationship 

between radiation and acute coronary events. (25,39) 
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Dose distribution in the heart is not homogeneous; highest cardiac radiation 

doses can be observed in the apex and the apical-anterior segment, the highest 

doses are likely to be delivered to the anterior heart, including LAD. (40) 

RT-induced LAD disease can contribute to atherosclerotic lesions, which are 

more extensive than the ones that are typical for carotid bifurcation stenosis. 

The RT-induced atherosclerotic plaques are often located in long segments of 

the carotid artery, posing an increased risk for stroke. (20) 

• The absolute increase in risk for heart morbidity for a left-sided versus 

right-sided patient was in the order of 0.4% for acute myocardial infarction, 

0.3% for angina, 0.1% for acute pericarditis, 0.2% for valvular heart disease and 

0.8% for all heart diseases. The predominance of ischemic heart disease 

indicates that the coronary arteries and in particular the LAD be a critical 

structure for the development of late radiation-induced heart morbidity. (41) 

Although there was a considerable decrease in doses to the heart over the past 

few years, radiation-induced heart disease is still a concern due to the 

improvement in breast cancer patient’s survival. (40) 

 

3.2  NTCP MODELS. 
 

• Modern radiotherapy techniques allow unprecedented levels of accuracy, 

precision, and conformity in target localization, patient setup, and dose delivery 

thanks to the aid of many different imaging modalities. Contemporary treatment 

strategies almost always involve delivering higher doses to the targeted tissue 

with the aim to improve tumor control, but before such approaches can be safely 

implemented an accurate and reliable knowledge on toxic effects on 

surrounding tissues has to be secured. With the aim of normal tissue 

preservation, many models (NTCP) have been proposed to describe radiation-
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induced complications mostly focusing on late complications which, being 

irreversible, are considered to have the highest impact on the patient quality of 

life. (42) 

• Studies have been shown that RT of left breast may increase the normal 

tissue complications such as cardiovascular disease, and also heart morbidity 

and mortality. Therefore, some radiobiological evaluation tool, as NTCP are 

existed which estimate the RT methods. 

One of the widely used is Lyman-Kutcher-Burman NTCP logistic, and 

multivariable logistic models (MVL), besides NTCP Model of Heart Valve 

Dysfunction NTCP model of Coronary stenosis Darby model’s and the most 

recently Van den Boogaard model’s which including the volume of the left 

ventricle receiving 5 Gy (LV-V5) that provide improved prediction of acute 

cardiac events in patients with breast cancer undergoing radiotherapy have been 

validated. (39) 

 

3.3 CARDIAC IMAGING 
 

• Echocardiography (ECHO) is currently the standard method for detecting 

cardiotoxicity, usually by monitoring serial LVEF. In particular, in HER2+ 

patients treated by trastuzumab. (43) The use of global longitudinal strain 

(GLS) by speckle tracking echocardiography is strongly recommended because 

of its feasibility and biological reproducibility. GLS is changing earlier than 

LVEF, corresponding to myocardial deformation, so this technique could 

diagnose cardiotoxicity earlier, during subclinical myocardial dysfunction 

phase. (19) Current guidelines suggest ECHO at baseline before potentially 

cardiotoxic treatment, after the end of anthracycline therapy/before the start of 

trastuzumab treatment and every 3 months during trastuzumab treatment. 
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• Current preliminary experimental data indicate that the decline in contractile 

function is preceded by CMR evidence of myocardial edema with T2 sequences 

and T2 mapping. (44) 

Cardiac magnetic resonance (CMR) is the most accurate methodology for the 

evaluation of volumes and function of heart chambers. By CMR it is possible to 

distinguish asymptomatic pericardial effusion. Finally, CMR is the most 

sensitive and reproducible measure of LVEF. (22)  CMR may differentiate 

the etiology of a newly identified abnormal myocardial mass, evaluate a 

pericardial disease process, or determine the cause of a valve leaflet abnormality 

during the same examination when LVEF is measured. (45) 

 

 

 
Fig. 2 Adverse Cardiovascular Effects Related to Cancer Treatment and 
Key Cardiovascular Magnetic Resonance Features (45) 
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3.4 HYPOFRACTIONATED RT 

 
The standard recommended breast cancer radiation dose is 50 Gy in 25 fractions 

of 2 Gy, five times per weeks, with a boost of 10 to 16 Gy to the tumor bed 

(46). This fractionation of radiation dose lasts 6 weeks. 

Nowadays, the use of hypofractionated schemes has become increasingly 

common, achieving a shorter treatment course, lower treatment costs, and 

shorter radiation therapy waiting times (46-48) and it is now a new standard 

treatment.  

Several trials in the literature demonstrated the efficacy and safe of 

hypofractionated radiation therapy (49-50). The START A and B trials (51,52) 

and the Canadian Trial (46) showed comparable results between the 

hypofractionated schemes and the conventional one.  

Finally, the UK FAST trial, a randomized trial, compared two different 

regimens of hypofractionated radiotherapy (28.5 Gy in five fractions and 30 Gy 

in five fractions over 5 weeks) versus conventional radiotherapy, showing 

comparable outcomes (53). 
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4. DEEP INSPIRATION BREATH HOLD. 

 
A deep inspiration causes the flattening of the diaphragm and expansion of the 

lungs, that pulls the heart away from the chest wall, it is this concept at the base 

of the Deep Inspiration Breath Hold (DIBH) technique. 

During simulation as during treatment, the patient is asked to take a deep breath 

and holds it till the radiation session is completed.  

This means a reduction in heart exposure at the radiation dose. 

Currently, there are two very commonly used techniques for DIBH, voluntary 

DIBH (vDIBH), and moderate DIBH.  

In moderate DIBH an active breathing control (ABC) device is used (54), it is 

based on the utilize of a spirometer which allows for monitoring of air flow 

throughout the respiratory cycle and stopping air flow at a set threshold volume, 

helping the patient to hold their breath and volume (54-56).  

Moreover, ABC device improve treatment reproducibility by decreasing the 

variability associated with the procedure, both within a fraction and between 

separate fractions. 

 

4.1 ACTIVE BREATHING COORDINATOR DEVICE. 
 

ABC is a non-invasive, state of the art technology that helps patients hold 

breath while they received radiation therapy to keep the lungs filled with air to 

keep the heart away from the chest wall. (55) 

When Active Breathing Coordinator is used during radiation therapy, the patient 

takes a deep breath before the beam of radiation is delivered.  

This deep breath increases the distance between the target PTV breast on the 

patient’s left side and patient’s cardiac OAR (heart, LAD).  
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Increasing this distance means there is less risk the heart will receive any 

incidental radiation during treatment and, therefore, there is less risk of the 

patient developing radiation-induced heart disease. (56) 

 

Fig. 3 A fusion CT simulation scan with and without DIBH for one 
representative patient. Heart displacement from the chest-wall with 
DIBH (red arrow), in FB (blue arrow). 

 
 

Usually a breath hold is just 20 to 25 seconds; however, the patient is always in 

control and can signal she wants to resume breathing at any time if she cannot 

hold her breath for that length of time. 

The ABC device has a nose clip, mouthpiece, tubing and green button. 

Before starting CT simulation scan, there is a teaching session about few 

minutes to learn how to use the ABC device. A small nose clip is put on the 

patient’s nose to avoid involuntary breathing.  

The patient also holds a mouthpiece, which is attached to a breathing tube, 

between her teeth, so that all the air passing through will be read by the 

machine.  

The technicians talk to the patients about how to inhale and hold the breath and 

exhale, instruct and guide them throughout the treatment process.  
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They will provide instructions to the patient explaining the steps to the ABC 

procedure. Position mouthpiece, nose clamp and patient control switch.  

Ask patient to take in a big breath and take note as to how many liters are 

inspired. When the patient is ready, she takes a deep breath. She is asked to 

press the green button when she is ready to hold breath. 

 If for any reasons she needs to stop the breath hold, she has to stop pressing 

down on the green button and the breath hold will stop. When the button is 

released the balloon, valve is deflated. If the patient presses the button twice in 

one second, it will send a distress signal that will show up on the laptop screen.  

The therapist will stop the treatment. When she has breathed in enough air to 

inflate her lungs to a pre-determined volume, she is invited to holds her breath.  

A small valve in the breathing tube closes so no additional air can enter her 

lungs during the breath hold. This stops any movement. 

A clock in the treatment room allows the patient to see the time remaining. If at 

any time the patient wants to take a breath, she releases pressure on a switch and 

the valve automatically opens so she can breathe.  

 

                                   Fig. 4 Active Breathing Coordinator™ Elekta 
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5. MATERIAL AND METHODS. 

 
Since November 2020, we implemented a moderate Deep inspiration breast 

hold technique at our department using Active Breathing Coordinator (ABC) 

device.  

Thirty patients included in this analysis were treated from November 2020 to 

October 2021 at Polyclinic San Matteo.  

Pre-radiotherapy planning CT scans were done in Free Breathing (FB) and in 

DIBH [using Active Breathing Coordinator system (ABC™)] in 30 left sided 

breast cancer patients. 

Collected data for each patient included age, histological primary tumour size, 

tumour type, nuclear grade, lymphovascular involvement, hormone-receptor 

status, her2 status. 

The medical record for each patient enrolled has been reviewed to obtain 

clinical data. Were included any woman who underwent left breast RT. 

All patients signed written consent for the treatment. 

Patients were treated in the supine position, both arms above the head.  

The CT was performed 4 – 8 weeks after surgery and before initiating 

radiotherapy. 

3DCRT plans were generated for both scans. 

Patients were ineligible for ABC treatment if they were unwilling to undergo 

device training or were unable to perform a breath hold for 20 seconds. Patient 

compliance represents a fundamental selection criterion. If a patient has a 

hearing problem, or a compromised lung function and difficulty in maintaining 

constant breathing, is not able to undergo ABC simulation. 

The technicians trained them with DIBH in detail to ensure perfect 

implementation during the application of the device. 
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The breath hold was monitored from the control room, and the CT started once 

the patient had achieved a satisfactory breath hold (visualized by the laser cross 

hair overlying the breath hold green mark). If the cross hairs did not overlie, the 

mark patients were invited to inspire or expire to achieve exact overlay or re-

attempt the inspiration. 

A simulation CT scan was performed for each patient in Siemens Somaton 

(Definition AS, Forchheim, Germany) CT scanner and 2 sets of images were 

taken, one in free breathing (FB) and another in DIBH. The Active Breath 

Coordinator system from Elekta was used for monitoring respiratory breath-

hold where the predetermined threshold of breath-hold volume and duration was 

set for every individual patient and CT data was acquired without contrast using 

3 mm slices. 

The FB and DIBH CT scan images were then transferred to our treatment 

planning system. 

The treatment planning was done using Monaco TPS v.5.11 software of Elekta 

Versa HD machine. 

 

 
 

Fig. 5 Active Breathing Coordinator™ component. 
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5.1 DEFINITION AND DELINEATION OF TARGET AND ORGANS AT 

RISKS VOLUMES (PTV AND OARS). 
 

Axial computed tomography (CT) images was performed in supine position for 

all patients. 

Target volumes and OARs were contouring using Oncentra treatment planning 

software. 

Target and Organ at Risks (OARs) volumes were contoured on a 0.3 axial CT, 

either on free-breathing and ABC CT images, according to the RTOG Breast 

Cancer Atlas (57) and heart contouring guidelines (58).  

The clinical target volume (CTV) was defined as the whole left breast. The 

planning target volume (PTV) was created as the CTV with 5 mm isotropic 

expansion and then cropped by 5 mm from the skin surface.  

The OARs, including the heart, left anterior descending coronary artery (LAD) 

and left lung, were contoured. The LAD and heart were delineated according to 

the heart atlas developed by Feng et al. (58).  

The goals of both treatment plans were 95% of the PTV covered by 95% of the 

prescribed dose and the hot spot <110% of the prescribed dose. The dose 

constraints for OARs followed the Quantitative Analyses of Normal Tissue 

Effects in the Clinic Summary (QUANTEC) guidelines and were optimized to 

be as low as possible. 

Target volumes Breast, SIB and OARs (bilateral lungs, heart, LAD, 

contralateral breast) were delineated on each CT scan.  

Two different 3DCRT plans, for the different treatment ABC and FB, were 

created and compared. 
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In the FB contoured CT, heart and LAD are really close to the PTV target, 

instead in the ABC one, a “safe” distance from these cardiac OAR is achieved. 

(Fig.6) 

 

a)  
 

b)  
Fig. 6 A contoured Simulation CT with (a) and without (b) ABC for one 
representative patient. Red:  Target breast, Purple: Heart, Lilac: LAD, 
Blue: Ipsilateral lung. 
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5.2 TREATMENT PLANNING. 

 
All patients underwent the same hypofractionated schedule of 40.05 Gy in 15 

fractions, 5 times a week. In some cases, according to cancer risk factors, a 

simultaneous integrated boost (SIB) was added with a total dose of 47.55 Gy 

delivered in the same RT session. 

Organ contouring, treatment planning, and dosimetric evaluation were 

performed on 30 patients, and 60 treatment plans were created and evaluated. 

Biological evaluation was performed on 60 treatment plans. 

By using 3D conformal radiation therapy, breast irradiation was performed with 

tangential beams and sub-fields to reduce hotspots (preferably not more than 

105% of the whole-breast prescription dose). Irradiation of the sib volume was 

carried out with two or three fields. 

Treatment was delivered in all patients using ABC-DIBH technique in Elekta 

Versa HD Linear accelerator. For image verification, daily kilovoltage cone 

beam CT was used, and online correction was also carried out. 

 

 
Fig. 7 Elekta Versa HD linear accelerator Fondazione IRCCS 
Policlinico San Matteo. 
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6. STATISTICAL ANALYSES. 

 

Dose Volume Histograms (DVHs) were generated for both the plans (FB and 

DIBH) and the following dosimetric parameters were noted and were compared 

between the different breathing techniques.  

• For the PTV breast and PTV sib: D95% (the percent of the prescription dose 

covering 95% of the volume). 

•  As regard OARs: the values of Dmean, V40 for heart; Dmax, Dmean and 

V20 for LAD; V25, V20 and Dmean for ipsilateral lung.  

A standard statistical two tailed paired t-test was used to estimate the statistical 

significance of the differences between groups. A p-value less than 0.05 was 

considered statistically significant. 

Starting from the differential dose-volume histogram the NTCP values was 

calculated for heart and it was compared for two different techniques. 

Lyman-Kutcher-Burman logistic and multivariable logistic models (MVL) was 

chosen in order to evaluate NTCP. The probability for cardiac mortality was 

calculated using the relative seriality model: 

 

where Di is the absorbed dose in each dose bin i of the differential dose volume 

histogram (DVH), D50 is the dose resulting in 50% complication probability, γ is 

the maximum relative slope of the dose–response curve, n is the number of 

DVH dose bins, ΔVi = Vi/V where Vi is the volume of the each dose bin and V 

is the total volume of the organ. The relative seriality factor, s (range 0 to 1), 

describes the tissue architecture. Input data for the NTCP calculations with 
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endpoint excess cardiac mortality was taken from Gagliardi et. al. for the entire 

heart volume: s = 1, γ = 1.28 and D50 = 52.3 Gy. (59) 

 

a      b 

Fig. 8  Treatment plan with (a) and without (b) ABC for one representative 
patient.   In section a) Heart and LAD is completely spared, instead 

without ABC (section b) heart and LAD are involved. 
 

a)  
 
 

b)  
 

Fig. 9 Treatment plan with (a) and without (b) ABC with a SIB, for one 
representative patient. In Fig a) Heart and LAD is completely spared, 
instead without ABC (b) heart and LAD are involved. 
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7. RESULTS. 

7.1 PATIENT AND TREATMENT CHARACTERISTICS 
 
Sixty CT scan data of 30 left sided breast cancer patients, were analyzed.  

Patient and treatment characteristics are presented in Table 1.  

All patients underwent BCS with sentinel lymphnode biopsy. Median age was 62 

yrs (40-80yrs). 20% of the patients received chemotherapy of whom 2 patients, 

received it as a neoadjuvant treatment. The mean breath-hold volume was 1.1 L 

and mean duration of breath-hold was 15 s. 

Table 1. Patient and treatment characteristics (N = 30).  

 
Patient/Treatment Parameters Number Percentage 

Median Age 62 yrs (40-80yrs)  

Median BMI 22 (19,92-25,39)  

Menopausal status yes 22 73% 

peri 2 7% 

no 6 20% 

Tumor  pT1 20 66% 

pT2 5 17% 

YpTis/x 3 10% 

Tis 2 7% 

Location of the tumour 

 

QSE 10 33% 

QSI 6 20% 

QQSS 3 10% 

QQII 4 13% 

QC 4 13% 

 QQEE 3 10% 

Heart Medications 14 47% 

Type of surgery done BCS 100% 

Hormone therapy 26 87% 

Chemotherapy received 6 20% 

Trastuzumab 4 13% 

Mean breath-hold volume 1.1 L  

Mean duration of breath-hold 15 sec  
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7.2 DOSIMETRIC EVALUATION. 
 

The treatment plans were compared objectively using dose-volume histograms 

(DVHs) for PTVs and different OARs of interest.  

The doses according to the different plans are summarized in Table 2. 

Target coverage with the 95% isodose was equal in both the plans. (Fig 10). 

The most pronounced and significative difference between the treatment plans 

are Heart_Dmean, Heart_Dmax and LAD_Dmean and LAD_V20.  

Dose differences between DIBH and FB for the heart, LAD, were analyzed. 

The differences in dose parameters were calculated as differences between 

DIBH and FB, normalized to the FB values and expressed as percentage. 

(Tab.2) 

The heart mean dose is lower in DIBH for all patients and decreases 

significantly from 1.23 ± 0.64 Gy (FB) to 0.90 ± 0.32 Gy (DIBH) (p < 0,0143).  

As regard LAD we obtained a significative sparing either for the Dmax and 

Dmean and V20Gy: 

Dmax drecreases from 20.63 ± 12.42 Gy (FB) to 8.98 ± 5.10 Gy (DIBH) (p < 

<0,0001) and Dmean decreases from 4.64± 4.55 Gy (FB) to 2.29 ± 0.86 Gy 

(DIBH) (p < 0,0073). 

3DCRT dosimetric analysis demonstrated that conventional RT leads to achieve 

a good treatment planning. The use of ABC reduces heart and LAD volume in 

the radiation beam leading to a dose reduction in these OAR, as shown in 

Fig.11 -12. 

As regard lung, the absolute irradiated lung volume increases in DIBH due to 

the increasing the air volume in the periphery. In contrast to the heart, local 
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density of the lung changes and decreases, with inflation, significantly between 

FB and DIBH.  

The mean left lung volume of all 30 patients was 1292 ± 302 cm3 (mean ± 

standard deviation (SD)) in FB und 2059 ± 411 cm3 in DIBH.  

The total lung mass showed a good accordance between FB and DIBH, whereas 

the mean lung density decreased from 0.28 ± 0.05 g/cm3 (FB) to 0.18 ± 0.03 

g/cm3 (DIBH). 

A more accurate model to evaluate the lung dose than the typically DVH is 

suggested by Markus Oechsner et al (60) that use the dose-mass histogram 

concept (DMH) and in particular the quantity M20 (the lung mass receiving 20 

Gy). While the DVH uses volume elements (voxels) which stay unchanged 

between FB and DIBH, DMH accounts for density changes inside the voxels. 

Our treatment planning systems (TPS) offer no option to calculate DMH and 

doesn’t give mass information. So, we decided to obtain a relation between lung 

mean dose and electron density (ED mean) and between V20(cm3) and ED 

mean; the distribution of Dmean vs EDmean (Fig.14) and of V20 in function of 

ED mean are shown in fig.15. 

We also derived a new quantity (E), as the product between ED and absolute 

volume (in cm3), that represents the number of electrons contained in the 

volume. Consequently, the quantity E20 (ED*V20(cm3)) represents the number 

of electrons contained in the volume receiving 20Gy.  The distribution of V20 

in function of E20 and of Dmean vs E20 are represented in figure B e D. 

Additionally, we have construct the DEH (Dose-E Histogram) for a sample size 

of patient (figure 18) and we conduct the dosimetric analyses about lung, V20, 

V25 and Dmean, and the results are showed in Fig.13.  
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Fig. 10 Treatment plan with (a) and without (b) ABC and DVH dose distribution, showing 
how the dose to the critical organs is reduced between FB (b) and DIBH (a) for one 
representative patient. 

 
Table 2. NOTE: Dmax: Maximum dose, Dmean: mean dose, Vx= volume (%) receiving x 
dose (Gy) or higher. 

   
  

 
PTV (left breast)  SIB Heart LAD 

  
D95% (Gy) Dmean (Gy) D95% PTV(Gy) Dmean(Gy) V40Gy ( %) Dmean(Gy) Dmax(Gy) V20Gy (%) Dmean(Gy) 

with 

ABC 

mean  38,47 40,98 46,18 47,50 0,00 0,90 8,98 0,00 2,29 

dev.std 0,71 1,14 0,88 0,46 0,01 0,32 5,10 0,00 0,86 

without 

ABC 

mean 38,23 40,77 46,04 47,55 0,02 1,23 20,63 1,15 4,64 

dev.std 0,64 0,91 1,06 0,74 0,10 0,64 12,42 3,88 4,55 

 
p-value 0,2854 0,4336 0,9752 1 0,2802 0,0143 <0,0001  <0,000* 0,0073 

     
mean Δ % -3,33 -18,39 -35,80 -13,33 -31,03 

     
median Δ % 0,00 -22,37 -57,90 0,00 -37,52 

     
dev.std 0,18 0,27 0,60 0,35 0,38 
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             Fig. 11  Heart and LAD Dose comparison between DIBH and FB.  

 
 
 
 

 
 

Fig. 12 Comparison of Heart Volume that receive 40Gy and Lad Volume 20 Gy with ABC 
(pink)    and without (red) 
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Fig. 13 Comparison of Lung Volume that receive 25 and 20 Gy with ABC (blu) and 
without (light blu) 

 
 
 
 
 

 
 

             Fig. 14 Distribution of Dmean vs EDmean in ABC and without ABC. 
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             Fig. 15 Distribution of V20 in function of ED mean 

 
 

 
 

                    Fig. 16 Distribution of V20 in function of ED 20 
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           Fig. 17 Distribution of Dmean in function of ED 20 

 
 

 
a 

 
b 

Fig. 18 DEH (Dose-E Histogram) a: Vcm3 vs Dose (Gy) b: E vs Dose(Gy). 
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7.3 NTCP MODEL RESULTS 

 
DIBH reduced the risk for long-term cardiac mortality as showed in table 3. 

 

Table 3 Difference in the risk for long-term cardiac mortality. 

 
 

 FB DIBH 
Excess cardiac mortality 

probability 
0.08 0.04 

 
 
 
 

 

 
    Fig. 19 NTCP Heart Dmean  

 

 
    Fig. 20 NTCP Heart Dmax 
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8. ONGOING TRIAL AND FUTURE PERSPECTIVES. 

8.1 PBI PARTIAL BREAST IRRADIATION.  
 

Partial breast irradiation (PBI), as a new clinical indication, by the irradiation of 

smaller breast volumes can reduce doses to the heart as Lettmaier et al. have 

shown. 

Recent developments in radiation oncology show a move toward a de-escalation 

strategy for adjuvant radiotherapy in early breast cancer. According to phase 3 

trials with an adequate patient selection, partial breast irradiation allows to 

achieve an acceptable safety profile and a good cosmetic outcome.  

Heart exposure to ionizing radiation during RT for BC increases subsequent 

rates of ischemic heart disease (IHD). The increase is proportional to the mean 

dose to the heart. Women with pre-existing cardiac risk factors have greater 

absolute increase in risk from RT. An age >70 years seems to be one of the 

most significant factors for IHD occurrence, and PBI represents one of several 

effective strategies to reduce cardiac radiation dose when compared to WBI. 

Physical RT properties are different for each partial-breast irradiation technique, 

substantially altering dose distribution, irradiated volumes, dose homogeneity, 

and skin doses, all of which may have different clinical outcomes. (61) Specific 

studies focusing on technical concerns, safety profile, and new relevant end 

points for patients at low risk of recurrence, such as quality of life, will further 

help the decision-making process. (62) 

At our site, since May 2021, I’m PI of this PBI Phase 3 randomized non-

inferiority trial: ExclUsive endocRine therapy Or Partial breast irradiation for 

women aged ≥70 years with luminal A-like early stage breast cancer 

(EUROPA): a randomized phase 3 non-inferiority trial. 

Study Design 
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This is a phase 3 randomized controlled trial to compare exclusive PBI with 

exclusive ET following BCS in low-risk early-stage elderly BC patients. 

Randomization will be stratified according to the G8 health status screening tool 

(≤14 versus >14), age at randomization (70-79 versus 80+), and Institution. 

Patients will be randomized on the basis of local pathology results of the 

resection specimen from their BCS with or without SNB, showing pT1, 

clinical/postsurgical N0 (i+), luminal A-like tumors. 

Patient population inclusion criteria are: 

- Women aged ≥70 years; 

- histologically proven invasive unifocal adenocarcinoma of the breast; 

- pathological T1 (pT1) stage; 

- postoperative negative (no ink) final surgical margins; 

- clinical and pathological N0 (cN0 and pN0) stage (isolated tumor cells [i+] 

allowed); 

- any tumor grade (if pT ≤10 mm), G1-2 tumor grade (if pT between 11 and 

19 mm); 

- luminal A-like biology (immunohistochemistry (IHC)-based on local 

assessment): ER positive (defined as ≥10%); 

Progesterone (PgR) positive (defined as >20%); 

Human epidermal growth factor receptor 2 (HER2) negative (score 0 or 1+ and 

proven negative by in- situ hybridization [ISH] in case of score 2+); and 

Ki67 <20% by IHC staining; 

- surgically treated with BCS with or without sentinel node biopsy (SNB); 

- written informed consent. 

An interim analysis for this study is planned when 152 enrolled patients reach 

the 2-year follow up control. 
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Actually, 5 patients have been enrolled and PBI confirm to be a feasibile and a 

good OaR sparing technique, consistent with literature data, with a heart V3Gy 

< 10%. 

 

    Fig. 21 A breast cancer left PBI. 
 

8.2 EARLY DETECTION OF CARDIOTOXICITY 
 

I’m co-investigators of this multicenter, observational prospective longitudinal 

study: 

Early Detection Of Cardiotoxicity From Systemic And Radiation Therapy In 

Breast Cancer Patients. A Multicenter Observational Prospective Longitudinal 

Study 

To our knowledge, this study is the first longitudinal prospective one which 

includes 200 patients. Its primary endpoint is to evalute myocardial oedema on 

CMR after cardiotoxic systemic therapy and radiation therapy in predicting the 

incidence of cardiotoxicity. 

It is important to distinguish these high-risk patients who need intensive 

cardiovascular screening during and after cardiotoxic treatment. Our purpose is 

to find these risk group patients when the toxicity is still subclinical and 

reversible and prevent the subclinical toxicity with protective drugs 

administered to the right patient at the right time. 
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This study is designed to evaluate myocardial edema on CMR after radiation 

therapy and cardiotoxic systemic therapy in predicting the incidence of 

cardiotoxicity. 

Stage I-III female breast cancer patients, who are planning on starting 

neo/adjuvant therapy for breast cancer are enrolled. 

Baseline blood tests will be taken, physical examination, CMR, ECG and 

ECHO will be done, proper medical history, including current medications of 

the patient and family history of CVD will be taken. If baseline hs-CRP ≥10 

mg/l, another blood test will be checked after 2 weeks. 

ECHO will be done on Philips Epiq or General Electic Vivid E95 and Cardiac 

Magnetic Resonance will be performed with Siemens Skyra 3T or a 1.5T 

scanner (MAGNETOM Aera, Siemens AG).  

Patients receiving cardiotoxic chemotherapy will be drown blood before and if 

possible 24 hours after chemotherapy administration. 

Patients who get anthracycline, have an ECHO and ECG after the end of this 

treatment. 

During trastuzumab, blood will be taken before every administration (every 3 

weeks) and ECHO will be done after every 4 cycles (every 3 months). 

Before the beginning of radiotherapy, blood tests will be taken, CMR and 

ECHO will be done. Patients who receive trastuzumab concurrently with RT 

will continue visits as described above. Biomarkers will be taken in the middle 

of RT. 

2 weeks +/-3 days after the end of RT, blood tests will be taken, CMR and 

ECHO will be done. Six weeks after the end of RT, biomarkers will be 

measured. If hs-CRP ≥3mg/l, ECHO will be done. Patients will be followed at 

least until 10 years after the end of RT. 
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12 months after the end of RT blood tests for measuring biomarkers and ECHO 

and CMR will be checked. 

During treatment, if a patient gets symptomatic heart failure or decline of LVEF 

greater than 10% points, with a final LVEF <53% on ECHO, patient will be 

referred to cardiologist and specific treatment as described by guidelines will be 

prescribed. 

Primary Endpoint 

The aim of this study is to assess the role of myocardial oedema on CMR (T2 

mapping) after radiation and cardiotoxic systemic therapy in predicting the 

incidence of cardiotoxicity, defined as by consensus guidelines (decline of 

LVEF ≥10% points with a final LVEF <53%) measured on CMR and ECHO 

over the time window of 12 months from the end of radiation therapy. 

Secondary Endpoints 

1. To detect GLS decrease >15% from baseline, measured on Echo over the 

time window of 12 months 

2. To see if the changes in biomarkers will correlate with LVEF measurements, 

assessed by ECHO and CMR 

3. To see if the changes in biomarkers will correlate with GLS measurements, 

assessed by ECHO 

4. To compare the time to the biomarker’s positivity to the time to the decrease 

in GLS >15% and/or decline of LVEF ≥10% points with a final LVEF 

<53% measured on Echo. 

5. To find out if patients with increased baseline biomarkers will develop 

cardiotoxicity, identify predictors of cardiotoxicity by multivariable analysis 
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6. To detect major cardiovascular events (defined as acute myocardial 

infarction, hospitalization due to heart failure, atrial flutter/fibrillation, 

ventricular tachycardia) or death due cardiac problems during the follow up 

7. To assess the role of fibrosis on CMR (T1 mapping with evaluation of 

extracellular volume) after cardiotoxic radiation therapy and /or systemic 

therapy in predicting the incidence of cardiotoxicity. 

8. To detect incidence of acute asymptomatic pericarditis after radiation 

therapy, measured on CMR 

9. To investigate if the area of the edema on CRM correlates with RT dose 

distribution 

10. To assess the incidence of myocardial oedema on CMR (T2 mapping) after 

radiation therapy and cardiotoxic systemic therapy measured on CMR and 

ECHO over the time window of 12 months from the end of radiation 

therapy. 

The recruitment period is 2-3 years until the needed number of patients have 

been    enrolled. Each patient will be followed until 12 months after the end of 

radiation therapy. Then, patients will be followed for 10 years. Our center has 

enrolled 5 patients to date. 

8.3 NEOADIUVANT RADIATION TREATMENT. 
 

Neoadjuvant RT may be a valuable strategy to achieve major pathological 

responses and de-escalate breast conservative treatments leading to a better 

quality of life. This could represent an attractive option in the setting of early-

stage breast cancer patients with positive estrogen receptors, and in the 

treatment of inoperable locally advanced breast cancer (LABC) too. Concerning 

locally advanced setting, recent studies demonstrated that neoadjuvant RT is an 

effective down-sizing treatment, allowing surgical resection regardless of 
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systemic treatment performed.  There is a clear unmet need for a neoadjuvant 

role of RT in breast cancer treatment. Even more than PBI, this RT approach 

could allow an optimum heart sparing treatment, by irradiating a really small 

and well-defined PET-based PTV.  

Rationale: 

The majority of local recurrences occur in close proximity to the original tumor 

location. Neoadjuvant RT holds several advantages over adjuvant RT: treatment 

target is better oxygenated, surrounding normal tissues receive reduced doses 

because of a smaller target volume, and of course a greater ability to recognize 

and to delineate the disease. This strategy might also lead to major pathological 

responses, which could be possible correlated to a lower risk of recurrence. It 

could allow a huge OAR spare. 

Moreover, the irradiated breast tissue will be surgically removed, and this is 

likely to lead to reduced fibrosis and improved cosmetic outcome. Considering 

that treatment volume has been associated with adverse cosmetic outcome, this 

might be an important advantage of a preoperative approach. In locally 

advanced disease this approach may allow for a single-staged surgical 

procedure, with mastectomy and immediate autologous reconstruction. 

 

 
 

                                Fig. 22 A breast cancer single nodule highlighted by Breast PET/CT. 
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Objective 

- To investigate the feasibility of a neoadjuvant single fraction of BGRT in 

Early-Stage Breast Cancer (ESBC). The main aim is to explore a 21 Gy 

Stereotactic PET-guided fraction in a pilot trial, as a preliminary step to further 

clinical investigations. (group 1) 

- To investigate the feasibility of a neoadjuvant BGRT in LABC. To evaluate 

breast and lymph node rates of pCR with a short-course BGRT. (group 2) 

A representative sample of clinical T1c-T2(<3cm) N0 as early breast cancer 

(group1), and stage II-III breast cancer patients as LABC (group 2), will be 

enrolled in this feasibility study.  

Inclusion criteria group 1:  

- Unifocal tumors with a margin of at least 1 cm or greater on conventional 

imaging from the chest wall and from the skin,  

- Invasive ductal carcinoma histological subtype (which had a significantly 

higher 18F-FDG uptake),  

- No lymph vascular invasion on diagnostic ultrasound,  

- estrogen receptor positive, 

- BRCA negative.  

Inclusion criteria group 2:  

- inoperable LABC, 

- Invasive ductal carcinoma histological subtype (which had a significantly 

higher 18F-FDG uptake). 

this study seeks to  

1) characterize FDG profiles in order to determine what proportion of these 

primary breast tumors would be suitable for BgRT with a single-dose 

preoperative RT. 
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2) characterize FDG profiles in order to determine what proportion of these 

locally advanced breast tumors would obtain a pCR by BgRT with a short 

course preoperative RT. 

2) Combine anatomical features with metabolic characteristics 

3) Develop robust treatment plans 

4) Evaluate a dosimetric analysis  

5) Estimate overall treatment time 

Research Plan 

• Identify around 25 patients who could perform a diagnostic FDG PET/CT 

prior to treatments based on primary tumor characteristics (San Matteo 

University Hospital) 

• Assess the FDG profile on the diagnostic FDG PET/CT performed prior to 

treatment by measuring the SUVmax, SUVpeak, SUVmean, SUVbackground, 

and other relevant parameters (San Matteo University Hospital and Reflexion 

Medical) 

• Correlate BgRT treatment planning dosimetry studies, as a precursor to 

commencing clinical BgRT treatments for primary breast cancer (Reflexion 

Medical, San Matteo University Hospital) 

- The American research committee approved my proposal.  It was approved 

in October 2021.  
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9. DISCUSSION 

 
This study aimed to develop a comprehensive platform for treatment optimization 

in breast radiotherapy: respiratory gating, heart sparing, early detection of cardiac 

damage. 

It is well known that breast radiation treatment has increased over the past decades, 

improving survival for patients with breast cancer; there is still concern regarding 

the possible adverse effects of radiotherapy on long-term outcomes in terms of 

increased risk of CV disease. (62) 

Even more advanced techniques are adopted trying to preserve the heart from 

possible radiation sequelae. In this project, I explore different heart sparing 

techniques. 

The first approach I described is a DIBH one. By using the ABC device, we 

achieved an optimum heart sparing breast treatment.   

Our results showed the dosimetric benefit of the DIBH technique over free 

breathing technique in reducing cardiac OARs doses (heart and LAD), confirming 

literature knowledge. (63)  

Indeed, the dosimetric analysis from our study showed a significant reduction in 

Dmean, V40 for heart. Also, a significant reduction in mean and maximum LAD 

doses and LAD volume that receive 20Gy were observed. These findings are in 

correspondence with data existing in the literature. (63) 

The advantage of DIBH is to decrease the heart volume included in the irradiation 

fields by deplacing it, decreasing both the mean and the maximum heart dose, and 

LAD dose too, in a statistically significant way. (64) 

Furthermore, the hypofractionated regime of 40Gy in 15 fractions, as a relatively 

new standard schedule, for whole breast irradiation after breast-conserving surgery, 
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comfirm to be safe and feasible, in ABC treatment too, and allowed to achieve a 

good dosimetric OAR sparing.  

Furthermore, we applied the Lyman-Kutcher-Burman logistic, and multivariable 

logistic models in order to evaluate NTCP and assess cardiac mortality risk, and 

our results underline a major saving with DIBH treatment, data consistent with 

literature. (60) 

This study showed that treatment of left-sided breast cancer in DIBH reduced the 

DVH-based heart and LAD dose.  

Regarding lung, instead, there is a change in lung density inside the voxels between 

FB and DIBH. Therefore, a more accurate model to evaluate the lung dose than the 

typically DVH is suggested by Markus Oechsner et al. (60) that use the dose-mass 

histogram concept (DMH) (65-66) and, in particular, the quantity M20 (the lung 

mass receiving 20 Gy).  While the DVH uses volume elements (voxels) that stay 

unchanged between FB and DIBH, DMH accounts for density changes inside the 

voxels.  

Our treatment planning systems (TPS) offer no option to calculate DMH and give 

mass information.  

So, we analyzed a relation between lung mean dose and electron density.  

Furthermore, regarding the irradiated lung mass despite an increase in absolute 

irradiated left lung volume in DIBH, when considering the changes in the local 

density of the lung, with a DEH-based analysis, we found results are in agreement 

with those in FB.  

Partial-breast irradiation has been introduced as a further breast RT treatment. It 

could represent a good heart sparing strategy for selected low-risk patients.  

Several large phase 3 trials have demonstrated the noninferiority of partial breast 

vs. whole-breast irradiation in terms of local recurrence and similar or decreased 
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toxic effect using different available techniques (67-70). In this regard, Europa trial 

enrollment is ongoing, for elderly women affected by low-risk early breast cancer, 

a challenging setting regarding prognosis and potential comorbidities, thus 

minimizing treatment to maintain health-related quality of life without 

compromising survival is extremely important. 
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10. CONCLUSION 
 
 

In summary, radiation treatment with DIBH allows reducing the dose delivery to the 

surrounding normal structures. In particular, it means a good reduction in cardiac 

doses due to the increase of the distance between target and heart, as shown by 

our data and also confirmed by other authors. 

Respiratory control confirms to be the most practical and successful approach to 

minimizing the radiation dose to the heart.  

Patient compliance is fundamental for the proper development of this approach.  

Results of the ongoing trials could add important information, both as regards the 

role of Magnetic Resonance in early detection of possible cardiac damage, early 

detection and intervention could prevent the progression of heart failure to an 

advanced-stage disease requiring advanced therapies; as the efficacy and good 

sparing of partial breast irradiation, achieving a better quality of life, especially in 

older frailty women.   

A new role of RT, in a PET-guided neoadjuvant setting instead of adjuvant, is 

under investigation, and it could allow even better-tailored treatment for our 

patients. 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 



46 

  
11. REFERENCE 
 

1.  Waks AG, Winer EP. Breast Cancer Treatment: A Review. JAMA. 2019 Jan 

22;321(3):288–300.  

 

2.  Early Breast Cancer Trialists’ Collaborative Group (EBCTCG), Darby S, McGale P, 

Correa C, Taylor C, Arriagada R, et al. Effect of radiotherapy after breast-conserving 

surgery on 10-year recurrence and 15-year breast cancer death: meta-analysis of 

individual patient data for 10,801 women in 17 randomised trials. Lancet Lond Engl. 2011 

Nov 12;378(9804):1707–16.  

 

3.  Clarke M, Collins R, Darby S, Davies C, Elphinstone P, Evans V, et al. Effects of 

radiotherapy and of differences in the extent of surgery for early breast cancer on local 

recurrence and 15-year survival: an overview of the randomised trials. Lancet Lond Engl. 

2005 Dec 17;366(9503):2087–106.  

 

4.  Fisher B, Anderson S, Bryant J, Margolese RG, Deutsch M, Fisher ER, et al. 

Twenty-Year Follow-up of a Randomized Trial Comparing Total Mastectomy, 

Lumpectomy, and Lumpectomy plus Irradiation for the Treatment of Invasive Breast 

Cancer. N Engl J Med. 2002 Oct 17;347(16):1233–41.  

 

5.  Veronesi U, Cascinelli N, Mariani L, Greco M, Saccozzi R, Luini A, et al. Twenty-

year follow-up of a randomized study comparing breast-conserving surgery with radical 

mastectomy for early breast cancer. N Engl J Med. 2002 Oct 17;347(16):1227–32.  

 

6.  Overgaard M, Nielsen HM, Overgaard J. Is the benefit of postmastectomy 

irradiation limited to patients with four or more positive nodes, as recommended in 

international consensus reports? A subgroup analysis of the DBCG 82 b&c randomized 

trials. Radiother Oncol J Eur Soc Ther Radiol Oncol. 2007 Mar;82(3):247–53.  

 

7.  Ragaz J, Jackson SM, Le N, Plenderleith IH, Spinelli JJ, Basco VE, et al. Adjuvant 

radiotherapy and chemotherapy in node-positive premenopausal women with breast 

cancer. N Engl J Med. 1997 Oct 2;337(14):956–62.  

 

8.  Fortin A, Dagnault A, Larochelle M, Vu TTT. Impact of locoregional radiotherapy in 

node-positive patients treated by breast-conservative treatment. Int J Radiat Oncol Biol 

Phys. 2003 Jul 15;56(4):1013–22.  

 



47 

  
9.  Saini AS, Hwang CS, Biagioli MC, Das IJ. Evaluation of sparing organs at risk 

(OARs) in left-breast irradiation in the supine and prone positions and with deep 

inspiration breath-hold. J Appl Clin Med Phys. 2018 Jul;19(4):195–204.  

 

10.  Abdel-Qadir H, Austin PC, Lee DS, Amir E, Tu JV, Thavendiranathan P, et al. A 

Population-Based Study of Cardiovascular Mortality Following Early-Stage Breast Cancer. 

JAMA Cardiol. 2017 01;2(1):88–93.  

 

11.  Chen J, Long JB, Hurria A, Owusu C, Steingart RM, Gross CP. Incidence of heart 

failure or cardiomyopathy after adjuvant trastuzumab therapy for breast cancer. J Am Coll 

Cardiol. 2012 Dec 18;60(24):2504–12.  

 

12.  Seidman A, Hudis C, Pierri MK, Shak S, Paton V, Ashby M, et al. Cardiac 

dysfunction in the trastuzumab clinical trials experience. J Clin Oncol Off J Am Soc Clin 

Oncol. 2002 Mar 1;20(5):1215–21.  

 

13.  Plana JC, Galderisi M, Barac A, Ewer MS, Ky B, Scherrer-Crosbie M, et al. Expert 

consensus for multimodality imaging evaluation of adult patients during and after cancer 

therapy: a report from the American Society of Echocardiography and the European 

Association of Cardiovascular Imaging. J Am Soc Echocardiogr Off Publ Am Soc 

Echocardiogr. 2014 Sep;27(9):911–39.  

 

14.  Armenian SH, Armstrong GT, Aune G, Chow EJ, Ehrhardt MJ, Ky B, et al. 

Cardiovascular Disease in Survivors of Childhood Cancer: Insights Into Epidemiology, 

Pathophysiology, and Prevention. J Clin Oncol Off J Am Soc Clin Oncol. 2018 

20;36(21):2135–44.  

 

15.  Cardinale D, Colombo A, Bacchiani G, Tedeschi I, Meroni CA, Veglia F, et al. Early 

detection of anthracycline cardiotoxicity and improvement with heart failure therapy. 

Circulation. 2015 Jun 2;131(22):1981–8.  

 

16.  Cardinale D, Colombo A, Lamantia G, Colombo N, Civelli M, De Giacomi G, et al. 

Anthracycline-induced cardiomyopathy: clinical relevance and response to pharmacologic 

therapy. J Am Coll Cardiol. 2010 Jan 19;55(3):213–20.  

 

17.  Barish R, Lynce F, Unger K, Barac A. Management of Cardiovascular Disease in 

Women With Breast Cancer. Circulation. 2019 Feb 19;139(8):1110–20.  

 



48 

  
18.  Zamorano JL, Lancellotti P, Rodriguez Muñoz D, Aboyans V, Asteggiano R, 

Galderisi M, et al. 2016 ESC Position Paper on cancer treatments and cardiovascular 

toxicity developed under the auspices of the ESC Committee for Practice Guidelines:  

The Task Force for cancer treatments and cardiovascular toxicity of the European Society 

of Cardiology (ESC). Eur Heart J. 2016 21;37(36):2768–801.  

 

19.  Gripp E de A, de Oliveira GE, Feijó LA, Garcia MI, Xavier SS, de Sousa AS. 

Global Longitudinal Strain Accuracy for Cardiotoxicity Prediction in a Cohort of Breast 

Cancer Patients During Anthracycline and/or Trastuzumab Treatment. Arq Bras Cardiol. 

2018 Feb;110(2):140–50. 

  

20.  Rygiel K. Cardiotoxic effects of radiotherapy and strategies to reduce them in 

patients with breast cancer: An overview. J Cancer Res Ther. 2017 Jun;13(2):186–92.  

 

21.  Chang H-M, Okwuosa TM, Scarabelli T, Moudgil R, Yeh ET. Cardiovascular 

Complications of Cancer Therapy: Best Practices in Diagnosis, Prevention, and 

Management—Part 2. J Am Coll Cardiol. 2017 Nov 14;70(20):2552.  

 

22.  Nair N, Gongora E. Heart failure in chemotherapy-related cardiomyopathy: Can 

exercise make a difference? BBA Clin. 2016 Jun 15;6:69–75.  

 

23.  Darby SC, McGale P, Taylor CW, Peto R. Long-term mortality from heart disease 

and lung cancer after radiotherapy for early breast cancer: prospective cohort study of 

about 300,000 women in US SEER cancer registries. Lancet Oncol. 2005 Aug;6(8):557–

65.  

 

24.  Henson KE, McGale P, Taylor C, Darby SC. Radiation-related mortality from heart 

disease and lung cancer more than 20 years after radiotherapy for breast cancer. Br J 

Cancer. 2013 Jan 15;108(1):179–82.  

 

25.  Darby SC, Ewertz M, McGale P, Bennet AM, Blom-Goldman U, Brønnum D, et al. 

Risk of ischemic heart disease in women after radiotherapy for breast cancer. N Engl J 

Med. 2013 Mar 14;368(11):987–98.  

 

26.  Taylor CW, Povall JM, McGale P, Nisbet A, Dodwell D, Smith JT, et al. Cardiac 

dose from tangential breast cancer radiotherapy in the year 2006. Int J Radiat Oncol Biol 

Phys. 2008 Oct 1;72(2):501–7.  

 



49 

  
27.  Ares C, Khan S, Macartain AM, Heuberger J, Goitein G, Gruber G, et al. 

Postoperative proton radiotherapy for localized and locoregional breast cancer: potential 

for clinically relevant improvements? Int J Radiat Oncol Biol Phys. 2010 Mar 1;76(3):685–

97.  

 

28.  Hayden AJ, Rains M, Tiver K. Deep inspiration breath hold technique reduces 

heart dose from radiotherapy for left-sided breast cancer. J Med Imaging Radiat Oncol. 

2012 Aug;56(4):464–72.  

 

29.  Grantzau T, Thomsen MS, Væth M, Overgaard J. Risk of second primary lung 

cancer in women after radiotherapy for breast cancer. Radiother Oncol J Eur Soc Ther 

Radiol Oncol. 2014 Jun;111(3):366–73.  

 

30.  Bronsart E, Dureau S, Xu HP, Bazire L, Chilles A, Costa E, et al. Whole breast 

radiotherapy in the lateral isocentric lateral decubitus position: Long-term efficacy and 

toxicity results. Radiother Oncol J Eur Soc Ther Radiol Oncol. 2017;124(2):214–9.  

 

31.  Verhoeven K, Sweldens C, Petillion S, Laenen A, Peeters S, Janssen H, et al. 

Breathing adapted radiation therapy in comparison with prone position to reduce the 

doses to the heart, left anterior descending coronary artery, and contralateral breast in 

whole breast radiation therapy. Pract Radiat Oncol. 2014 Apr;4(2):123–9.  

 

32.  Bartlett FR, Colgan RM, Donovan EM, McNair HA, Carr K, Evans PM, et al. The 

UK HeartSpare Study (Stage IB): randomised comparison of a voluntary breath-hold 

technique and prone radiotherapy after breast conserving surgery. Radiother Oncol J Eur 

Soc Ther Radiol Oncol. 2015 Jan;114(1):66–72.  

 

33.  Guenzi M, Bosetti D, Lamanna G, Siffredi G, Bonzano E, Gusinu M, et al. Novel 

10-fraction breast irradiation in prone and supine position: technical, dosimetric and 

clinical evaluation. Tumori. 2015 Apr;101(2):154–60.  

 

34.  Kaplinsky A, Pyatigorskaya V, Granot H, Gelernter I, Ben-Ayun M, Alezra D, et al. 

RPM Inspiration Gating: Improving Radiotherapy for Left Breast Cancer Patients with 

Anterior Heart Position. Isr Med Assoc J IMAJ. 2018 Sep;20(9):548–52.  

 

35.  Vikström J, Hjelstuen MH, Wasbø E, Mjaaland I, Dybvik KI. A comparison of 

conventional and dynamic radiotherapy planning techniques for early-stage breast cancer 

utilizing deep inspiration breath-hold. Acta Oncol Stockh Swed. 2018 Sep 28;1–6.  



50 

  
 

36.  Sakka M, Kunzelmann L, Metzger M, Grabenbauer GG. Cardiac dose-sparing 

effects of deep-inspiration breath-hold in left breast irradiation : Is IMRT more beneficial 

than VMAT? Strahlenther Onkol Organ Dtsch Rontgengesellschaft Al. 2017 

Oct;193(10):800–11.  

 

37.  Jaworski C, Mariani JA, Wheeler G, Kaye DM. Cardiac Complications of Thoracic 

Irradiation. J Am Coll Cardiol. 2013 Jun 11;61(23):2319–28.  

 

38.  Sardaro A, Petruzzelli MF, D’Errico MP, Grimaldi L, Pili G, Portaluri M. Radiation-

induced cardiac damage in early left breast cancer patients: Risk factors, biological 

mechanisms, radiobiology, and dosimetric constraints. Radiother Oncol. 2012 May 

1;103(2):133–42.  

 

39.  van den Bogaard VAB, Ta BDP, van der Schaaf A, Bouma AB, Middag AMH, 

Bantema-Joppe EJ, et al. Validation and Modification of a Prediction Model for Acute 

Cardiac Events in Patients With Breast Cancer Treated With Radiotherapy Based on 

Three-Dimensional Dose Distributions to Cardiac Substructures. J Clin Oncol Off J Am 

Soc Clin Oncol. 2017 Apr 10;35(11):1171–8.  

 

40.  Jacob S, Camilleri J, Derreumaux S, Walker V, Lairez O, Lapeyre M, et al. Is mean 

heart dose a relevant surrogate parameter of left ventricle and coronary arteries exposure 

during breast cancer radiotherapy: a dosimetric evaluation based on individually-

determined radiation dose (BACCARAT study). Radiat Oncol Lond Engl [Internet]. 2019 

Feb 7 [cited 2019 Aug 31];14. Available from: 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6367844/ 

 

41.  Offersen B, Højris I, Overgaard M. Radiation-induced heart morbidity after 

adjuvant radiotherapy of early breast cancer - Is it still an issue? Radiother Oncol J Eur 

Soc Ther Radiol Oncol. 2011 Aug;100(2):157–9.  

 

42.  D’Andrea M, Benassi M, Strigari L. Modeling Radiotherapy Induced Normal Tissue 

Complications: An Overview beyond Phenomenological Models. Comput Math Methods 

Med. 2016;2016:2796186.  

 

43.  Bonzano E, Guenzi M, Corvò R. Cardiotoxicity Assessment After Different 

Adjuvant Hypofractionated Radiotherapy Concurrently Associated with Trastuzumab in 

Early Breast Cancer. Vivo Athens Greece. 2018 Aug;32(4):879–82.  



51 

  
 

44.  Farhad H, Staziaki PV, Addison D, Coelho-Filho OR, Shah RV, Mitchell RN, et al. 

Characterization of the Changes in Cardiac Structure and Function in Mice Treated With 

Anthracyclines Using Serial Cardiac Magnetic Resonance Imaging. Circ Cardiovasc 

Imaging. 2016 Dec;9(12).  

 

45.  Jordan JH, Todd RM, Vasu S, Hundley WG. Cardiovascular Magnetic Resonance 

in the Oncology Patient. JACC Cardiovasc Imaging. 2018 Aug;11(8):1150.  

 

46. Whelan TJ, Pignol J-P, Levine MN, Julian JA, MacKenzie R, Parpia S, Shelley W, 

Grimard L, Bowen J, Lukka H, Perera F, Fyles A, Schneider K, Gulavita S, Freeman C. 

Long-term results of hypofractionated radiation therapy for breast cancer. N Engl J Med. 

2010;362:513–520. PMID: 20147717. DOI: 10.1056/NEJMoa0906260. [PubMed] [Google 

Scholar] 

 

47. Bellefqih S, Elmajjaoui S, Aarab J, Khalil J, Afif M, Lachgar A, El Kacemi H, Kebdani 

T, Benjaafar N. Hypofractionated regional nodal irradiation for women with node-positive 

breast cancer. Int J Radiat Oncol Biol Phys. 2017;97:563–570. PMID: 28126305. DOI: 

10.1016/j.ijrobp.2016.11.010. [PubMed] [Google Scholar] 

 

48. Guenzi M, Vagge S, Azinwi NC, D’Alonzo A, Belgioia L, Garelli S, Gusinu M, Corvò R. 

A biologically competitive 21 days hypofractionation scheme with weekly concomitant 

boost in breast cancer radiotherapy feasibility acute sub-acute and short term late effects. 

Radiat Oncol Lond. 2010;5:111. PMID: 24377002. DOI: 10.1186/1748-717X-5-111PMID: 

21092219. [PMC free article] [PubMed] [Google Scholar] 

 

49.  Corvò R, Ricchetti F, Doino D, Torielli P, Agostinelli S, Cavagnetto F, Giannelli F, 

D’Alonzo A, Vagge S, Belgioia L, Guenzi M. Adjuvant hypofractionated radiotherapy with 

weekly concomitant boost for women with early breast cancer: the clinical experience at 

Genoa University. Anticancer Res. 2010;30:4749–4753. PMID: 21115935. [PubMed] 

[Google Scholar] 

 

50. Bonzano E, Belgioia L, Polizzi G, et al. Simultaneous Integrated Boost in Once-weekly 

Hypofractionated Radiotherapy for Breast Cancer in the Elderly: Preliminary Evidence. In 

Vivo. 2019;33(6):1985-1992. doi:10.21873/invivo.11694 

 

51.  START Trialists’ Group , Bentzen SM, Agrawal RK, Aird EGA, Barrett JM, Barrett-Lee 

PJ, Bliss JM, Brown J, Dewar JA, Dobbs HJ, Haviland JS, Hoskin PJ, Hopwood P, Lawton 



52 

  
PA, Magee BJ, Mills J, Morgan DA, Owen JR, Simmons S, Sumo G, Sydenham MA, 

Venables K, Yarnold JR. The UK Standardisation of Breast Radiotherapy (START) trial A 

of radiotherapy hypofractionation for treatment of early breast cancer: A randomised trial. 

Lancet Oncol. 2008;9:331–341. PMID: 18356109. DOI: 10.1016/S1470-2045(08)70077-9. 

[PMC free article] [PubMed] [Google Scholar] 

 

52. Haviland JS, Owen JR, Dewar JA, Agrawal RK, Barrett J, Barrett-Lee PJ, Dobbs HJ, 

Hopwood P, Lawton PA, Magee BJ, Mills J, Simmons S, Sydenham MA, Venables K, 

Bliss JM, Yarnold JR, START Trialists’ Group The UK Standardisation of Breast 

Radiotherapy (START) trials of radiotherapy hypofractionation for treatment of early 

breast cancer: 10-Year follow-up results of two randomised controlled trials. Lancet Oncol. 

2013;14:1086–1094. PMID: 24055415. DOI: 10.1016/S1470-2045(13)70386-3. [PubMed] 

[Google Scholar] 

 

53. Murray Brunt A, Haviland JS, Wheatley DA, Sydenham MA, Alhasso A, Bloomfield DJ, 

Chan C, Churn M, Cleator S, Coles CE, Goodman A, Harnett A, Hopwood P, Kirby AM, 

Kirwan CC, Morris C, Nabi Z, Sawyer E, Somaiah N, Stones L, Syndikus I, Bliss JM, 

Yarnold JR; FAST-Forward Trial Management Group. Hypofractionated breast 

radiotherapy for 1 week versus 3 weeks (FAST-Forward): 5-year efficacy and late normal 

tissue effects results from a multicentre, non-inferiority, randomised, phase 3 trial. Lancet. 

2020 May 23;395(10237):1613-1626. doi: 10.1016/S0140-6736(20)30932-6. Epub 2020 

Apr 28. PMID: 32580883; PMCID: PMC7262592. 

 

54. Wong JW, Sharpe MB, Jaffray DA, Kini VR, Robertson JM, Stromberg JS, et al. The 

use of active breathing control (ABC) to reduce margin for breathing motion. Int J Radiat 

Oncol Biol Phys (1999) 44:911–9. doi:10.1016/S0360-3016(99)00056-5 PubMed Abstract 

| CrossRef Full Text | Google Scholar 

 

55. Remouchamps VM, Vicini FA, Sharpe MB, Kestin LL, Martinez AA, Wong JW. 

Significant reductions in heart and lung doses using deep inspiration breath hold with 

active breathing control and intensity-modulated radiation therapy for patients treated with 

locoregional breast irradiation. Int J Radiat Oncol Biol Phys (2003) 55:392–406. 

doi:10.1016/S0360-3016(02)04143-3PubMed Abstract | CrossRef Full Text | Google 

Scholar 

 

56.  Remouchamps VM, Letts N, Vicini FA, Sharpe MB, Kestin LL, Chen PY, et al. Initial 

clinical experience with moderate deep-inspiration breath hold using an active breathing 

control device in the treatment of patients with left-sided breast cancer using external 



53 

  
beam radiation therapy. Int J Radiat Oncol Biol Phys (2003) 56:704–15. 

doi:10.1016/S0360-3016(03)00010-5 PubMed Abstract | CrossRef Full Text | Google 

Scholar 

 

57.  Breast Cancer Atlas [Internet]. [cited 2019 Sep 1]. Available from: 

https://www.rtog.org/CoreLab/ContouringAtlases/BreastCancerAtlas.aspx 

 

58. Feng M, Moran JM, Koelling T, Chughtai A, Chan JL, Freedman L, et al. 

Development and validation of a heart atlas to study cardiac exposure to radiation 

following treatment for breast cancer. Int J Radiat Oncol Biol Phys. 2011 Jan 1;79(1):10–

8.  

 

59. Gagliardi G, Lax I, Ottolenghi A, Rutqvist LE. Long-term cardiac mortality after 

radiotherapy of breast cancer-application of the relative seriality model. Brit J Radiol. 

1996;69:839–46. 

 

60. Oechsner, M., Düsberg, M., Borm, K.J. et al. Deep inspiration breath-hold for left-

sided breast irradiation: Analysis of dose-mass histograms and the impact of lung 

expansion. Radiat Oncol 14, 109 (2019). https://doi.org/10.1186/s13014-019-1293-1 

 

61. Kaidar-Person O, Meattini I, Zippel D, Poortmans P. Apples and oranges: comparing 

partial breast irradiation techniques. Rep Pract Oncol Radiother. 2020;25(5):780-782. 

doi:10.1016/ j.rpor.2020.07.008 

 

62.  Meattini I, Becherini C, Bernini M, Bonzano E, Criscitiello C, De Rose F, De Santis 

MC, Fontana A, Franco P, Gentilini OD, Livi L, Meduri B, Parisi S, Pasinetti N, Prisco A, 

Rocco N. Breast reconstruction and radiation therapy: An Italian expert Delphi consensus 

statements and critical review. Cancer Treat Rev. 2021 Sep;99:102236. doi: 

10.1016/j.ctrv.2021.102236. Epub 2021 May 27. PMID: 34126314. 

 

63.  Smyth LM, Knight KA, Aarons YK, Wasiak J. The cardiac dose-sparing benefits of 

deep inspiration breath-hold in left breast irradiation: a systematic review. J Med Radiat 

Sci 2015;62(1):66–73. https://doi.org/10.1002/jmrs.89. 

 

64. Gaál S, Kahán Z, Paczona V, et al. Deep-inspirational breath-hold (DIBH) technique in 

left-sided breast cancer: various aspects of clinical utility. Radiat Oncol. 2021;16(1):89. 

Published 2021 May 13. doi:10.1186/s13014-021-01816-3 

 



54 

  
65 Forster KM, Starkschall G, Butler L, Keall PJ, Liu HH, Travis EL, et al. The dose mass 

histogram: a tool for evaluating thoracic treatment plans. Med Phys. 2001;28:1228–9. 

 

66 Butler LE, Forster KM, Stevens CW, Bloch C, Liu HH, Tucker SL, et al. Dosimetric 

benefits of respiratory gating: a preliminary study. J Appl Clin Med Phys. 2004;5:16–24. 

 

67. Vicini FA, Cecchini RS, White JR, et al. Long-term primary results of accelerated 

partial breast irradiation after breast-conserving surgery for early-stage breast cancer: a 

randomised, phase 3, equivalence trial. Lancet. 2019;394(10215): 2155-2164. 

doi:10.1016/S0140-6736(19)32514-0 

 

68. Strnad V, Ott OJ, Hildebrandt G, et al; Groupe Européen de Curiethérapie of 

European Society for Radiotherapy and Oncology (GEC-ESTRO). 5-year results of 

accelerated partial breast irradiation using sole interstitial multicatheter brachytherapy 

versus whole-breast irradiation with boost after breast-conserving surgery for low-risk 

invasive and in-situ carcinoma of the female breast: a randomised, phase 3, non-inferiority 

trial. Lancet. 2016;387(10015):229-238. doi:10.1016/S0140-6736 (15)00471-7 

 

69. Coles CE, Griffin CL, Kirby AM, et al; IMPORT Trialists. Partial-breast radiotherapy 

after breast conservation surgery for patients with early breast cancer (UK IMPORT LOW 

trial): 5-year results from a multicentre, randomised, controlled, phase 3, non-inferiority 

trial. Lancet. 2017;390(10099): 1048-1060. doi:10.1016/S0140-6736(17)31145-5 

 

70. MeattiniI, MarrazzoL, SaievaC, et al. Accelerated partial-breast irradiation compared 

with whole-breast irradiation for early breast cancer: long-term results of the randomized 

phase III APBI-IMRT-Florence Trial. J Clin Oncol. 2020;38 (35):4175-4183. 

doi:10.1200/JCO.20.00650 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



55 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

"Quando curi una malattia puoi vincere o perdere. 
Quando ti prendi cura di una persona, vinci sempre" 

 


