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ABSTRACT 

The purpose of this thesis was to study the clinical implications of modern 
radiotherapy techniques for breast cancer treatment. This was investigated in 
several individual studies. 

Study I investigated the implications of using the analytical anisotropic algo-
rithm (AAA) from the perspective of clinical recommendations for breast cancer 
radiotherapy. Pencil beam convolution plans of 40 breast cancer patients were 
recalculated with AAA. The latter plans had a significantly worse coverage of the 
planning target volume (PTV) with the 93% isodose, higher maximum dose in 
hotspots, higher volumes of the ipsilateral lung receiving doses below 25 Gy and 
smaller volumes with doses above 25 Gy. AAA also predicted lower doses to the 
heart. 

Study II investigated the implications of using the irregular surface compen-
sator (ISC), an electronic compensation algorithm, in comparison to three-
dimensional conformal radiotherapy (3D-CRT) for breast cancer treatment. Ten 
breast cancer patients were planned with both techniques. The ISC technique led 
to better coverage of the clinical target volume of the tumour bed (CTV-T) and 
PTV in almost all patients with significant improvement in homogeneity. 

Study III investigated the feasibility of using scanning pencil beam proton 
therapy for regional and loco-regional breast cancer with comparison of ISC pho-
ton planning. Ten patients were included in the study, all with dose heterogeneity 
in the target and/or hotspots in the normal tissues outside the PTV. The proton 
plans showed comparable or better CTV-T and PTV coverage, with large reduc-
tions in the mean doses to the heart and the ipsilateral lung. 

Study IV investigated the added value of enhanced inspiration gating (EIG) 
for proton therapy. Twenty patients were planned on CT datasets acquired during 
EIG and free-breathing (FB) using photon 3D-CRT and scanning proton therapy. 
Proton spot scanning has a high potential to reduce the irradiation of organs-at-
risk for most patients, beyond what could be achieved with EIG and photon ther-
apy, especially in terms of mean doses to the heart and the left anterior descend-
ing artery. 

Study V investigated the impact of physiological breathing motion during 
proton radiotherapy for breast cancer. Twelve thoracic patients were planned on 
CT datasets during breath-hold at inhalation phase and breath-hold at exhalation 
phase. Between inhalation and exhalation phase there were very small differ-
ences in dose delivered to the target and cardiovascular structures, with very 
small clinical implication. 
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The results of these studies showed the potential of various radiotherapy 
techniques to improve the quality of life for breast cancer patients by limiting the 
dose burden for normal tissues. 
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SAMMANFATTNING 

Projektet syfte var att studera användningen av moderna 
strålbehandlingstekniker för bröstcancer, med fokus på möjligheten att minska 
stråldosen till frisk vävnad i anslutning till den bestrålade volymen. Detta 
undersöktes i flera delarbeten. 

Delarbete I analyserade effekten av att använda analytiska anisotrop 
algoritmen (AAA) för dosplanering av patienter med bröstcancer baserat på 
rekommendationerna från den svenska bröstcancergruppen. Dosplanering för 40 
patienter med bröstcancer rekalkylerades med AAA algoritmen. Resultaten 
visade att strålmålet ("planning target volume" eller PTV) hade betydligt sämre 
täckning när AAA användes. Planering enligt AAA gav högre maximal dos i 
hotspots nära känsliga strukturer och förutspår högre volymer i den samsidiga 
lungan som får doser under 25 Gy och mindre volymer med doser över 25 Gy. 
AAA förutspår också lägre doser till hjärtat. 

Delarbete II studerade konsekvenserna av klinisk användning av en 
elektronisk kompensationsteknik, ISC, i jämförelse med konventionell 3D-CRT 
för bröstcancerbehandling. Tio patienter med bröstcancer (fem vänster- och fem 
högersidiga) dosplanerades med båda teknikerna. ISC tekniken ledde till 
betydligt bättre täckning av CTV-T ("clinical target volume of the tumour bed") 
och PTV hos nästan alla patienter med statistiskt signifikant bättre homogenitet 
av dosfördelningen. ISC medförde också en tendens till lägre volymer som 
bestrålas med höga doser i den samsidiga lungan vilket ledde till bättre 
följsamhet mot de nationella rekommendationerna för strålbehandling av 
bröstcancer. 

Delarbete III undersökte möjligheten av att använda en skannande proton 
pennstråle för adjuvant strålbehandling av lokal och loko-regional bröstcancer. 
Tio patienter ingick i studien. Patienterna identifierades från en större grupp där 
dosheterogeniteten i målvolymen och/eller områden med hög stråldos i normala 
vävnader utanför PTV kvalificerade dem för ISC med fotoner. Proton-planerna 
visade jämförbara eller bättre CTV-T och PTV täckning än de ursprungliga 
foton-planerna. De viktigaste slutsatserna var att behandling med protonstrålning 
potentiellt skulle kunna betydligt minska den genomsnittliga dosen till hjärtat och 
den samsidiga lungan. 

Delarbete IV studerade mervärdet av EIG (”enhanced inspiration gating”) för 
protonstrålbehandling. Tjugo patienter ingick i studien. Patienterna hade 
planerats på CT dataunderlag under EIG och fri andning med hjälp av 
protonstrålning och 3D-CRT med fotonstrålning. Tio patienter hade fått 
behandling enbart av bröstet och tio både bröst och regionala lymfkörtlar. 
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Protonbehandlingen har stor potential att minska bestrålning av strålkänslig 
vävnad nära målområdet utöver vad som kunnat uppnås med EIG och 
fotonstrålbehandling. Den viktigaste slutsatsen var att en stor potentiell 
minskning av genomsnittlig dos till hjärtat och det främre nedåtstigande vänstra 
kranskärlet var möjlig med protoner i jämförelse med fotoner.  

Delarbete V undersökte effekterna av fysiologiska andningsrörelser under 
protonstrålbehandling. Tolv patienter planerades under olika andningsfaser och 
ändringar i dosfördelningar med andningsrörelser studerades. Små skillnader 
fanns i dosen till strålmålet och kardiovaskulära strukturer och den kliniska 
betydelsen förväntas vara väldigt liten. 

Resultaten av dessa fem studier visar på potentialen för en förbättrad 
livskvalitetet för patienter med bröstcancer genom minskning av absorberad 
stråldos i normal vävnad. 
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ABBREVIATIONS 

3D-CRT  three-dimensional conformal radiotherapy 

AAA analytical anisotropic algorithm 

AC  chemotherapy employing doxorubicin and cyclophosphamide 

AI  aromatase inhibitor 

BRN breast and regional lymph nodes 

BHE breath-hold at exhalation 

BHI  breath-hold at inhalation 

CMF chemotherapy employing cyclophosphamide, methotrexate and 
fluorouracil 

C-MRI cardiac magnetic resonance imaging 

CT  computer tomography 

CTV clinical target volume 

CTV-T clinical target volume of the tumour bed 

DIBH deep inspiration breath hold 

DLCO diffusing capacity of carbon monoxide 

DVH dose volume histogram 

EBCTCG Early Breast Cancer Trialists' Collaborative Group 

ECG electrocardiogram 

EORTC European Organisation for Research and Treatment of Cancer 

EIG  enhanced inspiration gating 

FEC chemotherapy employing fluorouracil (5FU), epirubicin and cy-
clophosphamide 

FEV1s forced expiratory volume in 1 second 

FB  free-breathing 

GTV gross tumour volume 

HDR high dose rate 

ICRU International Commission on Radiation Units and Measurements 

ITV  internal target volume 

IHD ischaemic heart disease 

IMN internal mammary lymph nodes 

IMPT intensity modulated proton therapy  

IMRT intensity modulated radiation therapy 

ISC  irregular surface compensator 
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LAD left anterior descending artery 

LENT Late Effects of Normal Tissues  

LDR low dose rate 

LVEF left ventricular ejection fraction 

MLC multileaf collimator 

MRI magnetic resonance imaging 

NTCP normal tissue complication probability 

OAR organ at risk 

QUANTEC Quantitative Analysis of Normal Tissue Effects in the Clinic 

PBC pencil beam convolution 

PTV planning target volume 

PTV-T planning target volume of the tumour bed 

PRV planned risk volume 

RBE relative biological effectiveness 

RT  radiation therapy 

RTOG Radiation Therapy Oncology Group 

SOBP spread-out Bragg peak 

SFUD single field uniform dose 

TMN tumour, nodes, metastases classification system 

TPS  treatment planning system 

US-SRI  ultrasound-based strain rate imaging 

WBO whole breast only 
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1. INTRODUCTION 

1.1 Epidemiology of breast cancer 
Breast cancer is the most common form of cancer disease in women in Swe-

den and many other countries (Ferlay et al 2013, Bray et al 2013). In 2014, 9730 
cases of breast cancer in women and 1422 cases with in situ tumours were regis-
tered in Sweden. The median age at diagnosis was 64 years. At the same time, 
about 90000 women were alive with a breast cancer diagnosis. During the last 20 
years the incidence has grown with on average 1.6%, accelerating to 2.6% under 
the last 10 years. The current cumulative risk for women to get the disease before 
the age of 75 is about 11% (Regionala cancercentrum i samverkan 2014, So-
cialstyrelsen 2015). 

Several factors can influence the appearance of breast cancer. Female sex is 
the main risk factor for developing breast cancer as the disease is about 100 times 
more common among women than men. This difference is thought to be caused 
by the presence of hormones like oestrogen and progesterone in women. Among 
women, a slightly higher risk exists for nulliparous women and for postmenopau-
sal women that are using combined hormone therapy, with alcohol consumption 
and obesity as additional risk factors. Previous chest irradiation for diagnostic or 
therapeutic purposes, especially in younger age, is also associated with a higher 
risk for developing breast cancer. In contrast, multiparity and breastfeeding are 
associated with a reduction of the breast cancer risk. Physical activity and regular 
exercise could also reduce the cancer risk. However, the evidence for an associa-
tion between smoking and breast cancer is very weak (IARC 2012). Working 
night shifts has also been implicated, increasing the risk of developing breast 
cancer because of changes in melatonin levels. 

Genetic aspects are also important for breast cancer development. Five to ten 
percent of breast cancer cases are directly caused by gene defects. An inherited 
mutation in the BRCA1 or BRCA2 genes is the most common cause of heredi-
tary breast cancer. The lifetime risk of developing breast cancer is 80% in some 
families with BRCA1 mutations, while on average the risk is in the range of 55-
65%. For BRCA2 the risk is around 45%, but this mutation is associated with 
disease occurring in younger women and affecting both breasts. There are also 
other rare gene mutations that are associated with inherited breast cancer like 
ATP, TP53, CHEK2, PTEN, CDH1, STK11 and PALB2. Research continues to 
fully characterise inherited breast cancer (Regionala cancercentrum i samverkan 
2014, American Cancer Society 2016). 

Prognosis is better for this disease than for many other forms of cancer. The 
net survival rates of the patients have seen a positive trend in the past decades 



Anna M. Flejmer 

10 
 

and currently the five year survival rate in many developed countries is around 
81-86% (Walters et al 2015). In Sweden the five years survival rate is 88% and 
the ten year rate is approximately 80% (Engholm et al 2010, Regionala cancer-
centrum i samverkan 2014, Engholm et al 2015). The increased overall survival 
observed for breast cancer can probably be explained by advances in screening 
and by improved adjuvant treatment. 

1.2 Diagnosis of breast cancer 
Diagnosis of breast cancer consists of three stages. The first one is palpation 

of the breast, the second one is mammography and ultrasonography (for young 
women magnetic resonance could also be used) and the last one is biopsy. In 
Sweden, Socialstyrelsen recommends mammography screening for all women in 
the age interval 40-74 for early discovery of breast cancer (Socialstyrelsen 2016). 
Mammography screening is thought to reduce mortality of breast cancer with 
25% for the whole population, but its effectiveness is still widely debated, espe-
cially in relation to the risk of over-diagnosis and the increase of radiation burden 
to the whole population. Biopsies use specially designed probes to obtain tissue 
samples from suspected regions to pathologically confirm the presence of cancer 
cells. In case the biopsy material is not suitable for pathological analyses, diag-
nostic resection is recommended. Sentinel lymph node biopsy is recommended 
for staging to determine the lymph node involvement (Regionala cancercentrum i 
samverkan 2014). 

Depending on the origin of the cancer cells, a main diagnostic divider is be-
tween ductal cancers originating in the breast tubes and lobular cancers originat-
ing in the glandular tissue. The earliest form is cancer in situ, followed by inva-
sive cancers. Invasive ductal cancer makes up the majority of invasive cancers, 
followed by the invasive lobular cancers. Invasive cancers could also be classi-
fied according to their invasive patterns into unifocal (with only one invasive 
focus), multifocal (with multiple, well defined foci, separated by healthy tissues) 
or diffuse (when the cancer is dispersed over a larger area, with no distinct tu-
mour mass). Multifocality of breast cancers has been considered a negative prog-
nostic factor (Cserni et al 2013). 

All information from diagnostic procedures is used to define the stage of dis-
ease as a combination of tumour size and site (T), the spread to regional lymph 
nodes (N) and other organs (M), according to the TNM system. Treatment is rec-
ommended depending on the stage of the disease. Several other parameters from 
the microscopic examination like the presence of a free margin (classifies radical 
resection at surgery), the presence of progesterone and oestrogen receptors, the 
overexpression of the HER2- receptor and the proliferation marker Ki67 could 
also be used for deciding which systemic treatment should be recommended. 
There is also a functional division, based on the markers mentioned, that is help-
ful for risk analyses: Luminal A (Oestrogen and progesterone positive with low 
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proliferation), Luminal B (hormonal positive with high proliferation), Her2-
positive and triple negative (HER2-negative and hormonal negative) (Goldhirsch 
et al 2013). 

1.3 Treatment of breast cancer 
Treatment options for the majority of the patients with breast cancer are local 

therapy, consisting of surgery and radiation therapy, and systemic therapy that 
includes chemotherapy, hormonal therapy and targeted therapy. 

1.3.1 Surgery in breast cancer 

Surgery is usually the first treatment option for breast cancer. For multifocal 
tumours mastectomy with adjuvant radiotherapy is still the standard of care. For 
unifocal tumours, with a diameter less than 5 cm (stage T1-T2), mastectomy as 
monotherapy is increasingly replaced by breast conserving surgery with adjuvant 
radiotherapy as a medical alternative, with comparable overall survival (Fisher et 
al 2002, Litiere et al 2012, Regionala cancercentrum i samverkan 2014). Howev-
er there are also patients that do not undergo surgery at all, as is the case of pa-
tients with disseminated breast cancer. 

The standard of care includes sentinel nodes sampling during surgery of the 
breast. When metastatic-positive lymph nodes are discovered, axillary lymph 
nodes extirpation is done. Surgery could be repeated for example when previous 
surgery margins are not free from cancer cells. Surgery is usually followed by 
systemic therapy (Morris et al 1997, Fisher et al 2002). However, when the tu-
mour is too big for primary surgery, chemotherapy is the initial treatment fol-
lowed by surgery when the tumour size has been reduced (Litiere et al 2012). 

The Swedish national breast cancer program recommends mastectomy for 
multifocal breast cancer and for unifocal breast cancer in case of T4 tumours or 
in case of progress after neoadjuvant treatment, but also in case radiotherapy is 
contraindicated or if the surgical margin is not free from disease and even in case 
of negative cosmetic results. Also, the program recommends that 80% of patients 
should start adjuvant radiotherapy 4-5 weeks after surgery or chemotherapy. 
Breast reconstruction after surgery is recommended with the breast implant 
placed under the pectoralis muscle using an expander technique that gives better 
cosmetic results compared to a traditional silicone implant (Regionala cancercen-
trum i samverkan 2014). 

1.3.2 Systemic therapy in breast cancer 

Chemotherapy is usually prescribed after surgery as adjuvant treatment of 
micro-metastatic breast cancer. Assessment of the patients to be treated is based 
on risk analyses at group level. The predictive factors assessed are oestrogen and 
progesterone receptor-positivity, which is a prerequisite for the effect of endo-
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crine therapy, and HER2-positivity that is essential for the efficacy of anti-
HER2-targeted therapy such as trastuzumab. High proliferative activity as meas-
ured by Ki-67 is an independent prognostic factor, but it is unclear whether this 
factor can predict the success of chemotherapy. If the risk of recurrence for 
lymph node negative patients is 20-30%, chemotherapy is widely accepted as it is 
for all lymph node positive patients. The older type of chemotherapy, CMF, em-
ployed three types of drugs, Cyclophosphamide, Methotrexate and Fluorouracil 
and was shown to reduce the relative risk of breast cancer mortality by 20-25%. 
More recent regimes employ higher doses of anthracyclines and have been 
shown to be more effective than CMF, with a relative reduction of 20% of the 
risk to die of breast cancer. However anthracyclines have been shown to be toxic 
for the heart and therefore the total dose of anthracyclines is strictly limited. Cur-
rently, chemotherapy employs 6 taxane-based courses followed by 3 FEC 
(Fluorouracil (5FU), epirubicin and cyclophosphamide) or 3 AC (doxorubicin 
and cyclophosphamide) courses. Chemotherapy treatment with taxane leads to a 
13% relative reduction and 1.4-2.8% absolute reduction in breast cancer mortali-
ty in comparison with the regimen without taxane. The best regimes with an-
thracycline and taxane are estimated to provide about 13% absolute reduction in 
breast cancer mortality (Bonilla et al 2010). 

The biological age and general condition of the patient are both taken into 
account when deciding the options for treatment. Hormonal treatment is recom-
mended for cancers with oestrogen and/or progesterone positive receptors. Ta-
moxifen is still the standard treatment for premenopausal women with ER-
positive breast cancer and is prescribed for 5 years. In addition to the above ef-
fects the use of tamoxifen could reduce the risk of contralateral breast cancer by 
38% compared with no endocrine therapy, as shown in a recent meta-analysis 
(Davies et al 2011). Postmenopausal women are increasingly treated with aroma-
tase inhibitor (AI) that reduces the production of oestrogen. In the adjuvant 
treatment of postmenopausal ER-positive breast cancer the recommended ap-
proach is 5-year monotherapy with AI or switch therapy with 2 to 3 years of ta-
moxifen followed by 2-3 years of treatment with AI to a total treatment period of 
5 years. 

1.3.3 Radiation therapy for breast cancer 

Adjuvant radiotherapy after surgery reduces the risk of local recurrence and 
increases the breast cancer specific survival after both partial mastectomy in all 
patients and mastectomy in patients with high risk of local recurrence. A meta-
analysis of 23500 patients in 46 studies showed a relative reduction of the local 
relapse cases by two-thirds in five years and a 5% breast cancer specific survival 
benefit after 15 years (Clarke et al 2005). A more recent meta-analysis (Darby et 
al 2011) showed a clear reduction of the 15 year breast cancer specific mortality 
in women receiving adjuvant radiotherapy compared to women receiving only 
surgery from 25.2% to 21.4% (an absolute reduction of 3.8%). The standard rec-
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ommended treatment for patients undergoing breast conserving surgery is post-
operative radiotherapy to the remaining breast tissue. The risk of local recurrence 
is higher in patients younger than 40 years, for whom it is recommended to esca-
late the dose (give an extra dose-boost) to the surgery site (Romestaing et al 
1997, Bartelink et al 2007). 

The absolute gain from radiotherapy in terms of overall reduction of loco-
regional and distal relapses depends on the tumour size, tumour type, lymph node 
status, the patient's age and type of surgery (breast conserving surgery or mastec-
tomy). In practice, radiotherapy is recommended in women operated with partial 
mastectomy and in women operated with mastectomy with multifocal cancers or 
where the tumour is larger than 50 mm in diameter or in women with axillary 
lymph nodes metastases (Regionala cancercentrum i samverkan 2014). 

The “gold standard” for adjuvant radiotherapy after surgery is conventional 
fractionation with 50 Gy in 25 daily fractions of 2 Gy to the breast or the thoracic 
wall and loco-regional lymph nodes (if there is an indication for lymph node ra-
diotherapy). A boost with external radiotherapy (16 Gy in 8 fractions of 2 Gy), 
but also with brachytherapy (HDR or LDR), to the site of surgery is also recom-
mended by the Swedish national breast cancer program after breast conserving 
surgery, if the woman is younger than 40 years. After partial mastectomy, hypo-
fractionation with 40 Gy in 15 fractions (Haviland et al 2013) or with 42.5 Gy in 
16 fractions (Whelan et al 2010) gives comparable results in terms of local con-
trol and acute and late side effects. A meta-analysis of the studies comparing 
hypofractionation with conventional fractionation totalling 7095 patients showed 
no differences in local recurrence, overall survival, acute radiation reactions, and 
fibrosis or cosmetic outcomes (James et al 2010). Hypofractionation has also 
been adopted in 2014 by the Swedish Breast Radiotherapy Group, especially for 
women over 40 years of age (Blom Goldman et al 2014). 

The alternative to whole breast irradiation is partial breast radiotherapy. Alt-
hough the technique is not yet recommended in Sweden in the absence of a con-
trolled clinical trial, it has been implemented in Europe and USA for low risk 
patients with good prognosis (Polgar et al 2010). Two large studies, comprising 
4800 patients, reported more relapses in partial breast irradiation than in whole 
breast irradiation, 3.3% versus 1.3% in TARGIT (Vaidya et al 2010, Vaidya et al 
2014) and 4.4% versus 0.4% in ELIOT (Veronesi et al 2013). However studies 
are continuing to increase knowledge at long-term follow-up. 
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2. MODERN RADIATION THERAPY 
FOR BREAST CANCER 

The aim of radiation therapy is the local control of a malignant disease, 
while minimising the irradiation of normal tissues and the associated complica-
tion rates. 

2.1 Historical perspective 
The first use of radiotherapy for breast cancer took place only few years after 

the discovery of X-rays by Wilhelm Conrad Rontgen in 1895 and the discovery 
of natural radioactivity by Henri Becquerel in 1896. However, the first treatments 
were associated with many skin reactions caused by the poorly penetrating X-
rays available at the time (Jassem 1998). Increased availability of deeply pene-
trating radiation led to a decrease of the complication rates and the subsequent 
establishment of radiation therapy as an effective treatment modality for breast 
cancer in the 1940s. The continuous parallel development of megavoltage radio-
therapy, radiation dosimetry, image-based treatment planning and irradiation 
techniques have gradually improved the results of breast cancer radiotherapy. 

2.2. Radiotherapy techniques 
The current standard of care for breast cancer radiotherapy is three-

dimensional conformal radiotherapy. Dose planning is performed on computed 
tomography images acquired in supine position with 2 or 3 mm slice thickness, 
usually with 4-6 MV photons, but higher energies are also used for compensating 
fields or for patients with larger breast. The irradiation of the breast is usually 
achieved with tangential, isocentric radiation fields and compensating fields are 
used when individually needed. The irradiation of the regional lymph nodes is 
achieved with anteroposterior radiation fields, using a common isocenter with the 
tangential breast fields. High photon energy is most often used for the posterior 
field and low energy for the anterior field. All radiation fields are adapted to the 
PTV and the organs at risk with appropriate choice of gantry angle, collimator 
angle and opening of the MLC. Dynamic wedges could also be used to improve 
dose uniformity in the target. Irradiation of the tumour bed (boost) is achieved 
with one or two photon fields, electron fields or brachytherapy depending on the 
location. These treatment techniques ensure a clinically relevant treatment benefit 
with lower levels of risk of side effects compared with historically used tech-
niques. 



Anna M. Flejmer 

16 
 

Other techniques have been proposed to further increase dose uniformity in 
the target and they include the use of forward and inverse planning intensity 
modulated radiotherapy (IMRT) as well as particle therapy (Johansson et al 
2002a, Lomax et al 2003, Bjork-Eriksson and Glimelius 2005, Fournier-Bidozet 
al 2009). Forward planning IMRT (sometimes called simplified IMRT) implies 
the use of dynamic MLC to produce intensity-modulated fields to compensate for 
the external shape of the breast and improve the dose distribution in the target as 
well as sparing of critical organs. Inverse planning IMRT calculates a mathemat-
ical optimum for the coverage of the target and the normal tissue constraints. 
However, the optimum dose distribution in the target and the normal tissues from 
inverse planning IMRT is quite sensitive to motion and setup uncertainties due to 
the steep dose gradients. Furthermore, some studies have questioned the clinical 
advantage of inverse planning IMRT over simplified IMRT or that of IMRT in 
general over conventional techniques for breast cancer (Kestin et al 2000, Chui et 
al 2002, James et al 2004). 

Proton therapy has also been considered for the treatment of breast cancer, as 
it allows more favourable dose distribution due to the limited range of these par-
ticles in tissue, the relatively low entrance dose and the existence of the Bragg 
peak where the maximal dose of the beam is deposited relatively deeply in tissue. 
The potential of protons for breast radiotherapy has been explored in dose plan-
ning and clinical studies employing both passively scattered proton fields and 
actively scanned beams (Kozak et al 2006, Bush et al 2007, Ares et al 2010, 
MacDonald et al 2013). Although more expensive, the latter technique has the 
advantage of allowing further modulation of the beam and reducing the neutron 
contamination in comparison with passively scattered beams. Concerns have also 
been raised with respect of the sensitivity of this technique to motion and setup 
uncertainty (ICRU 2007), but these were shown to have small impact in the case 
of the treatment for breast cancer (Ares et al 2010). The proton scanning tech-
nique is now available at the Skandion Clinic, the national proton radiotherapy 
centre in Sweden, and therefore the potential of the technique for breast cancer 
radiotherapy has to be investigated before its clinical implementation. 

2.3. Definition of target volume for breast can-
cer radiotherapy 

The comparison of treatment approaches employed in different centres re-
quires the standardisation of the ways radiation dose is prescribed, recorded and 
reported. The International Commission on Radiation Units and Measurements 
(ICRU) has issued several sets of recommendations to be used in the treatment-
planning and reporting processes for several treatment modalities: ICRU Report 
50 (1993), ICRU Report 62 (1999), ICRU Report 71 (2004), ICRU Report 78 
(2007) and ICRU Report 83 (2010). These reports standardise prescribing, re-
cording and reporting of photon, electron and proton beam radiotherapy. They 
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make use of volumes related to both tumour and normal tissues that are defined 
to facilitate treatment planning and reporting. The gross tumour volume (GTV) is 
the volume of known tumour being defined as the gross demonstrable extent and 
location of a primary tumour or other tumour mass, including localisation in all 
radiological diagnostics. The clinical target volume (CTV) represents the known 
tumour volume and the suspected microscopic tumour infiltration outside the 
primary GTV. An adaptation of these concepts is used for breast cancer radio-
therapy, taking into account the adjuvant delivery of radiation therapy for this 
disease. For breast cancer radiotherapy the CTV is all breast tissue and pectoral 
fascia and for loco-regional treatment the ipsilateral axillary and supraclavicular 
nodes are added. For post-mastectomy patients the CTV is the chest wall corre-
sponding to the previous extent of the breast. ICRU Report 62 (1999) introduced 
a new volume, the internal target volume (ITV), which accounts for the expected 
physiological movements and other physiological variations of the CTV. In con-
trast with these anatomically or physiologically-based volumes, the planning tar-
get volume (PTV) has been defined as a geometrical concept for treatment plan-
ning and evaluation to ensure that the planning constraints are met. In general, 
the PTV is obtained from the CTV by adding a 5-10 mm margin to account for 
internal motion and for setup uncertainties. A clinical target volume of the tu-
mour bed (CTV-T) could also be defined as the original location of the tumour 
bed, after the primary tumour is removed through surgery, with proper margin. 
The corresponding planning target volume of the tumour bed (PTV-T) is con-
structed by adding a 5-10 mm margin from the CVT-T. Similarly, volumes of 
organs at risk (OAR) and planned risk volumes (PRV) are used in treatment 
planning and evaluation of the dose constraints to the irradiated normal tissues. 

The current standard of care according to the Swedish national recommenda-
tions does not include the internal mammary lymph nodes (IMN). A randomized 
EORTC trial studied the impact of radiation therapy to the IMN and also to the 
medial supraclavicular lymph nodes (Poortmans et al 2001). The ten-year results 
from this study showed significantly improved disease-free survival, but not sig-
nificantly improved overall survival (Poortmans et al 2015). A recently published 
randomized study on 1334 patients has not shown a clear benefit from including 
the internal mammary nodes in the radiotherapy target (Hennequin et al 2013). 

2.4. Side effects in breast cancer radiotherapy 
and relevant organs at risk 

The treatment-related irradiation of normal tissues can lead to acute and late 
side effects that reduce the quality of life of the patients and could even be life-
threatening. Acute toxicity appears during or up to about six months after radio-
therapy is finished and usually disappears without permanent damage, although 
some studies showed that it may also modulate the late effects in the same tissue 
(Dorr and Hendry 2001). Late complications appear long time after the comple-
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tion of radiotherapy (six months or even later) and consequently are more serious 
as only symptom relief is available in many cases. 

The risk of complications in irradiated normal tissues is usually quantified as 
normal tissue complication probability (NTCP) which could be related to the ra-
diation dose and the irradiated volume of the normal tissue (Bentzen et al 2010). 
Furthermore, the severity of complication depends on the irradiated volume, total 
dose and fractionation to the involved structures, defined as organs at risk 
(OAR), and radiation type. Several criteria are available for the assessment and 
classification of normal tissue damage such as those of the Late Effects of Nor-
mal Tissues (LENT) Consensus Conference (LENT 1995) or of the Radiation 
Therapy Oncology Group (RTOG) and the European Organization for Research 
and Treatment of Cancer (EORTC) (Cox et al 1995). 

The first systematic evaluation of normal tissue tolerance in relation to radia-
tion doses has been performed by Emami and co-workers (Emami et al 1991) and 
has been used for many years for treatment plan evaluation in radiotherapy. The 
QUANTEC (Quantitative Analysis of Normal Tissue Effects in the Clinic) col-
laboration (Bentzen et al 2010) has produced the latest updated overview of dose 
and volume constraints. These recommendations have been accounted for in the 
development of the recommendations in the national care program for breast 
cancer (Regionala cancercentrum i samverkan 2014, Blom Goldman et al 2014), 
in order to minimise the side effects after breast cancer radiotherapy. These rec-
ommendations are used for dose and volume constraints, but radiotherapy plans 
in clinical practice are in the end the result of individualised planning in which 
the strong constraints are used together with plan-tailored optimisation con-
straints in order to achieve a clinically acceptable dose distribution. For example, 
hard constraints are used for the CTV-T dose coverage and for the multifocal or 
lobular disease PTV while softer constraints are set for the heart and the lung as 
organs at risk. 

In breast cancer radiotherapy, acute toxicity includes redness of the skin, oe-
dema of the breast and radiation-induced pneumonitis that may appear 1-3 
months after completion of radiation therapy (Lind et al 2001). Late toxicity in-
cludes radiation induced cardiovascular disease that results from injury to the 
heart and the blood vessels with microangiopathy - destruction of the microvas-
cular network of the myocardium, leading to ischaemia of myocytes and re-
placement by fibrosis (Fajardo and Stewart 1973), macroangiopathy - increased 
depletion of media smooth muscle cells and more extensive fibrotic changes in 
the media in comparison to non-irradiation coronary artery disease (Brosius et al 
1981) and atherosclerosis (Schultz-Hector and Trott 2007). Increasing im-
portance has been given to the late effects associated with the irradiation of the 
left anterior descending (LAD) artery (Nilsson 2012).  

The early randomised radiotherapy trials and the EBCTCG meta-analyses 
showed a decrease in breast cancer deaths that was counterbalanced by an in-
crease in cardiovascular mortality (Cuzick et al 1994). In addition, left-sided 
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breast cancer has been associated with a higher mortality due to ischaemic heart 
disease (IHD), compared to right-sided disease (Paszat et al 1998, Darby et al 
2005, Roychoudhuri et al 2007). Cardiovascular complications could appear 
months to years after the treatment and their full characterisation would therefore 
require quite long follow-up. Cardiotoxic effects could also be caused or modu-
lated by the chemotherapy regime with anthracyclines or trastuzumab. Anthracy-
cline induced cardiotoxicity depends on the medication and the cumulative dose 
(for doxorubicin the rate varies from 4% to more than 36% for patients receiving 
500-550 mg/m2). Cardiotoxicity could be either early-onset chronic progressive, 
within the first year after treatment, or late-onset chronic progressive, presenting 
as dilated cardiomyopathy from 1 until 30 years after treatment (one hypothe-
sised mechanism for causing it is the apoptosis of the myocardial cells). Cardiac 
toxicity from trastuzumab is frequent but almost always reversible when the drug 
is stopped. In comparison, epirubicin and liposomal doxorubicin showed reduced 
cardiotoxicity (Bovelli et al 2010). The national care program for breast cancer 
recommends regular clinical control of cardiac function (LVEF) with echocardi-
ography combined with the recording of resting electrocardiogram, which should 
be performed before the initiation of treatment with trastuzumab and then every 3 
months during treatment (Regionala cancercentrum i samverkan 2014). Given the 
complexity of the problem, increased attention has been paid to the possibility of 
early monitoring cardiotoxicity (Marwick and Narula 2014, Kongbundansuk and 
Hundley 2014). 

Given the relative frequency of the acute and late side effects, the lungs, the 
heart and the LAD are the main OAR considered in relation to breast radiothera-
py. Radiotherapy of the axilla could also increase the risk of arm lymphedema 
leading to impaired shoulder mobility, but this side effect is rare with modern 
treatment techniques (Swedborg and Wallgren 1981). Hypofractionation has also 
been shown to increase the damage to the brachial plexus (Johansson et al 
2002b). Other organs like the spinal cord, oesophagus, trachea or the thyroid 
gland are in close proximity to the target of radiotherapy for breast cancer. Fortu-
nately, radiation damage to these organs is rarely diagnosed nowadays. 

In the context of late effects of breast radiotherapy, it is important to consid-
er the results of a meta-analysis showing that the breast cancer specific survival 
gain was 5.4% after 15 years, while the total survival gain was 4.4% for the 
group with locoregional radiotherapy after mastectomy (Clarke et al 2005). The 
difference between these is attributed mainly to the increased risk of cardiovascu-
lar mortality (the ratios of annual event rates of mortality before recurrence, irra-
diated versus unirradiated were 1.25±0.06 for heart disease, 1.27±0.07 for stroke 
and 1.12±0.12 for circulatory disease), and also to a low but significantly in-
creased risk of lung cancer. This latter aspect highlights the increasing im-
portance of radiotherapy induced secondary cancers (Dasu and Toma-Dasu 2014) 
in the light of the favourable prognosis of breast cancer patients. 
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2.5 Pathogenesis and histopathology of radia-
tion-induced heart and coronary artery damage 

Radiation-induced cardiovascular toxicity could be grouped in several cate-
gories based on the underlying mechanisms for damage. Thus, cardiovascular 
toxicity could be caused by direct injury to the cardiac myocytes, provocation of 
myocardial fibrosis, endothelial dysfunction and vascular injury, induction of 
myocarditis, pericarditis, conduction abnormalities and valvular disease or the 
exacerbation of existing cardiovascular risk factors (Kongbundansuk and Hund-
ley 2014). All these mechanisms lead to reduced pumping function of the heart 
which can eventually lead to congestive heart failure when the needs of the body 
are no longer met. It is important to recognise that both radiation and other adju-
vant treatments act as cardiotoxic agents and could initiate these reactions. Fur-
thermore, the effects are modulated by other promoting agents that do not direct-
ly have a cardiotoxic influence. Thus, radiation combined with excess low-
density lipoprotein enhances the risk of atherosclerotic development which could 
lead to ischemic heart disease, both stable and unstable angina and myocardial 
infarction. Hormone deprivation therapies have also been associated with subse-
quent cardiovascular events (Ewer and Gluck 2009, Amir et al 2011). 

Pericardial disease can appear under the first year after radiotherapy and can 
persist for several years as a constrictive process without clinical symptoms. Ma-
jor heart complications appear several years after radiation treatment (Hooning et 
al 2007, McGale et al 2011). As these manifestations appear when the damage to 
the tissue can no longer be reversed it is quite important to detect cardiac damage 
early and if possible initiate appropriate preventive strategies to reduce the risk of 
serious and permanent damage to the cardiovascular system. 

2.6 Monitoring cardiac side effects 
Several methods are available for investigating cardiac function as well as 

for monitoring radiation-induced damage. A simple and well-known technique is 
the electrocardiogram (ECG) which shows the electrical activity of the heart. 
While it is the oldest and most established of all methods, it has too low sensitivi-
ty to reliably detect early cardiac dysfunctions (DeVita et al 2014). 

Echocardiography is widely used for hemodynamic assessment of patients 
pre- and postsurgery as well as in sepsis and trauma and is well suited for as-
sessing cardiac function after treatment for malignancies (Tzonevska et al 2011). 
It offers real-time information on systolic, diastolic and valvular function, as well 
as hints to possible complications such as pericardial effusion. It can easily quan-
tify the strain, i.e., the relative length change of the myocardium, in the different 
segments of the heart. Due to its sensitivity to detect minute changes, the method 
is quite attractive to characterise the early stages of cardiac dysfunction during 
and after treatment in patients who receive radiation treatment for left-sided 
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breast cancer, although it does not offer insights into the mechanism of this car-
diac damage. 

Cardiovascular magnetic resonance (CMR) is another imaging modality that 
evaluates cardiac morphology and function with high temporal and spatial reso-
lution. In addition it has the unique capability for characterisation of tissue and 
has recently been recommended as a suitable method to identify cardiovascular 
toxicity after cancer treatment (Hundley et al 2010). It could be used to visualise 
oedema, but also to quantify parameters important for systolic heart failure such 
as the ejection fraction (EF), i.e., the fraction of outbound blood pumped from 
the heart with each heartbeat, as well as cardiac strain. 

2.7 Tolerance levels and recommendations for 
the heart 

The relationship between irradiation of the breast and cardiac mortality has 
been documented in several previous studies (Gagliardi et al 1996, Gagliardi et al 
2010). Thus, it has been shown that the risk for cardiac complications was greater 
when the left breast was irradiated compared to the right breast and this correlat-
ed with the mean dose to the heart (6.3 Gy versus 2.7 Gy). For doses to the heart 
above 30 Gy the risk of radiation-induced heart disease increases in a relatively 
short time interval of a year or two, but for lower doses the latency period is a 
decade or even longer. More recent studies showed significant changes in myo-
cardial systolic strain in breast cancer patients that have received doses as low as 
3 Gy (Erven et al 2013). The risk of major coronary complications (myocardial 
infarction, coronary revascularization) or death from ischemic heart disease was 
better correlated with the mean dose to the heart than with the mean dose to the 
left anterior descending coronary artery. Rates of major coronary events in-
creased linearly with the mean dose to the heart by 7.4% Gy-1 (95% confidence 
interval 2.9-14.5%; P<0.001) starting few years after radiotherapy and continuing 
during a follow-up of 20 years and were similar in women without and with car-
diac risk factors. The mean dose to the heart in the study was 4.9 Gy correspond-
ing to an equivalent dose in 2 Gy fractions of 3.9 Gy. It should however be 
pointed out that the heart doses in this study have been derived from dose recon-
structions calculated using the pencil beam convolution algorithm (Darby et al 
2013, Taylor et al 2009, Taylor et al 2011). 

These observations were the basis for the clinical recommendations from 
QUANTEC (Gagliardi et al 2010). The Swedish radiotherapy group had pro-
posed a similar regime and recommended that the average dose to the heart 
should be less than 10% (preferably below 4%) for a prescribed dose of 50 Gy in 
25 fractions and that the maximal heart distance included in the tangential fields 
should be less than 1 cm with the highest constraints for dose coverage of the 
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CTV-T and for multifocal or lobular disease of the PTV (Blom Goldman et al 
2014). 

2.8 Pathogenesis and histopathology of radia-
tion-induced damage to the lung 

The most common complication from the irradiation of the lung is radiation 
pneumonitis, an inflammatory reaction of lung tissue, ranging from asymptomat-
ic pneumonitis detected on radiological images to life-threatening pneumonitis 
that could lead to respiratory failure (Brown et al 2015). Symptomatic pneumon-
itis requiring medical intervention is quite rare nowadays appearing in only 1-2% 
of the patients undergoing radiotherapy because of breast cancer. The symptoms 
from radiation-induced lung damage usually occur within 9 months after the con-
clusion of radiotherapy. The symptoms are cough, fever and shortness of breath, 
but can also include frothy sputum and pleurisy (Chung et al 2012). The early 
radiation-induced pneumonitis is caused by damage to the septal capillary bed 
and the lung alveoli. The most important mechanism for such complications is 
the ablation of type II alveolar cells that leads to early surfactant release into the 
alveoli. This can happen quite quickly after radiotherapy without clinical or radi-
ological manifestations. One to three months after treatment the loss of alveolar 
cells type II becomes clinically observable. This leads to the second phase of the 
development of injury characterised by the proliferation of alveolar type II and 
compensatory hypertrophy of lamellar bodies. The late fibrotic phase starts 3-6 
months after radiotherapy and is characterised by sclerosis of the alveolar wall, 
extensive endothelial damage, loss of capillaries and appearance of fibrosis with 
loss of function (Perez and Brady 1997). 

2.9 Monitoring lung damage 
Clinical symptoms of lung damage are presently rare, but 25% of patients 

can have transient cough for a few months after the end of treatment. In case 
these symptoms are also associated with fever and shortness of breath, treatment 
with corticosteroids is recommended, which can rapidly clear symptoms after 
one or two days. After recovery, fibrosis can still be evident on chest radio-
graphs, and a reduction of vital capacity and diffusion capacity is seen on spi-
rometry, usually without clinical symptoms (Jassem 1998). For measurement and 
evaluation of lung function, spirometric measurements of vital capacity, FEV1s 
values (the forced expiratory volume in 1 second) and DLCO (diffusing capacity 
of carbon monoxide reflecting lung membrane function) is standard. Later moni-
toring of lung damage is recommended at 4 months after radiotherapy, using CT 
and the modified Arriagada classification (Arriagada et al 1989). Here, the lung 
volume is divided into the apical-lateral, central-parahilar and basal-lateral re-
gions. Increases in lungs density observed on CT are graded (0-no change, 1-low 
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opacity, 2-moderate opacity, 3-complete opacity) and the highest densities of 
each region are scored. A total score 1-3 shows mild radiological tissue reaction, 
but scores 4-9 represent moderate to severe reaction. Spirometry is recommended 
after 6, 12 and 24 months and may show reduced DLCO and FEV1 value, which 
may partially return to pre-treatment values after 12 months. 

2.10 Tolerance levels and recommendations for 
the lung 

To avoid symptomatic pneumonitis QUANTEC recommends that the vol-
ume of lung receiving doses above 20 Gy (V20 Gy) should be below 30% of the 
total volume to keep the risk of side effects below 20%. The mean lung dose 
should be below 7 Gy to keep the risk below 5% and below 13 Gy to keep the 
risk below 10% (Marks et al 2010). 

The Swedish national breast cancer program recommends for breast cancer 
radiotherapy that the following optimisation criteria be used for the lung: the 
volume of the ipsilateral lung receiving more than 40% of the prescribed dose 
should be lower than 20% of the lung volume and that the average dose to the 
ipsilateral lung should be less than 20% of the prescribed dose for breast irradia-
tion only. In case of locoregional irradiation where the target volume is greater, 
the volume of the ipsilateral lung receiving more than 40% of the prescribed dose 
should be lower than 35% of the lung volume and the average dose to the ipsilat-
eral lung should be less than 40% of the prescribed dose (Blom Goldman et al 
2014). 
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3. AIMS 

This project aimed at characterising the radiation burden to normal tissues 
from modern radiotherapy techniques that could lead to untoward effects and to 
identify practical ways to minimise their irradiation. This was achieved through 
several studies dedicated to specific issues in breast cancer radiotherapy. 

Study 1 aimed to investigate the clinical implications of using the Analytical 
Anisotropic Algorithm (AAA) for dose calculations in breast cancer radiation 
therapy. 

Study 2 aimed to investigate the potential of the irregular surface compensa-
tor (ISC) technique to improve target coverage in breast cancer radiotherapy in 
comparison to three-dimensional conformal radiotherapy (3D-CRT). 

Study 3 aimed to investigate the feasibility of scanned proton beams to re-
duce cardiopulmonary radiation burden in adjuvant radiation therapy for breast 
cancer. 

Study 4 aimed to investigate the additional benefit of proton radiation thera-
py for breast cancer with and without respiratory gating in comparison with pho-
ton radiotherapy. 

Study 5 aimed to investigate the impact of physiological breathing motion 
for breast cancer radiotherapy with proton beam scanning. 
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4. MATERIAL AND METHODS 

4.1 Patient cohorts 
The individual studies that are part of this thesis required the collection of 

suitable patient cohorts. In this work, the cohorts were selected based on availa-
ble patient numbers and from clinical experience of the standard methods. We 
did not have the resources or it was not deemed feasible to recruit patients in a 
multicenter setting to allow for larger cohorts. Thus, for the first study, the pa-
tient cohort included 40 consecutive patients who were previously treated with 
standard three-dimensional conformal radiotherapy for left-sided breast cancer. 
The patient cohort was divided into two sub-groups, one who received treatment 
to the breast only (WBO) and another where treatment was given to the loco-
regional lymph nodes (BSC) as well. The cohort was representative for ordinary 
clinical practice and reflected the inter-patient heterogeneity seen in practice. 

In contrast, studies II and III were based on a smaller group of ten patients 
for which the standard three-dimensional conformal radiotherapy technique had 
difficulties in achieving the target coverage and radiation burden to the organs at 
risk according to national recommendations. The aim was to investigate whether 
simplified IMRT (study II) or proton therapy (study III) could improve target 
coverage without compromising cardio-pulmonary sparing. Such an approach is 
indeed needed for the analysis of the potential for improvement of advanced ra-
diotherapy techniques in particularly difficult cases, as modern-day conventional 
techniques have considerably reduced radiation burden and complication rates in 
the general breast cancer population (Brown et al 2015). 

The patient cohort for the fourth study included twenty patients selected 
from a larger group originally treated with photon radiotherapy under enhanced 
inspiration gating (EIG) at the Oncology Department at Lund University Hospi-
tal, which has the longest EIG experience in Sweden. Ten of the patients in this 
cohort had only breast treatment and ten received treatment to the breast and the 
loco-regional lymph nodes. Each subgroup was further divided into 5 cases with 
best and 5 cases with worst LAD sparing with the EIG technique. 

The patient cohort for study V included twelve thoracic patients who had CT 
datasets acquired during breath-hold at inhalation, breath-hold at exhalation and 
in free-breathing mode. The multiple CT datasets for each patient allowed the 
study of the impact of respiratory motion on the radiotherapy with scanned pro-
ton beams, by studying the changes in dose distributions to the target and the or-
gans at risk when varying the breathing phase used for planning and recalculating 
the plans for the other breathing phases. 
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The use of data from previously treated radiotherapy patients has been ap-
proved by the regional ethical review boards in Linköping (2013/377-31, 
2014/505-31) and Lund (2013/742). 

4.2 Calculation algorithms in photon therapy 
Treatment planning systems are used in modern radiation therapy to calcu-

late dose distributions taking into account the CT-based three dimensional repre-
sentations of individual patients. The dose calculation algorithm is a central 
component of the treatment planning system being responsible for the calculation 
of the number of monitor units required for the treatment, as well as for the cal-
culation of the dose distributions in the patient. Several algorithms are now avail-
able in commercial treatment planning systems with various degrees of accuracy 
in modelling the scattered radiation and the effects of heterogeneities in the pa-
tient (Knoos et al 2006). For the Eclipse treatment planning system (Varian, Palo 
Alto, CA, USA), the most commonly used algorithms for photon therapy are the 
pencil beam convolution (PBC) algorithm and the anisotropic analytical algo-
rithm (AAA), that are the objects of one study in this thesis (Paper I). The PBC 
algorithm calculates the dose as a convolution of the energy fluence of the prima-
ry beam with a pencil kernel describing the dose deposition of a narrow photon 
beam in water, using corrections for heterogeneities along fan lines (Storchi et al 
1996, Storchi et al 1999). It provides a good compromise between calculation 
accuracy and speed in homogeneous media. The AAA is a more advanced algo-
rithm that better takes into account the lateral energy transport, providing im-
proved dose calculation accuracy for heterogeneous media (Ulmer et al 2005, 
Van Esch et al 2006). More advanced algorithms based on solving the radiation 
transport equations or even on full Monte Carlo modelling are also available but 
not discussed here. 

Although the AAA has been shown in several studies to provide improved 
dose accuracy in comparison to the PBC (Van Esch et al 2006, Bragg et al 2006), 
it has only slowly been adopted in clinical practice, partly because the main part 
of clinical knowledge regarding normal tissue tolerances has been built on PBC-
calculations, as is for example the case of the QUANTEC recommendations for 
the lung (Marks et al 2010) and for the heart (Gagliardi et al 2010). The implica-
tions of this algorithm for clinical practice have been investigated in Paper I in 
this thesis. 

4.3 Irregular surface compensator (ISC) 
Radiation therapy for breast cancer is performed to a part of the body charac-

terised by rounded body contours, where conformal radiotherapy with multi-leaf 
collimators (MLC), dynamic wedges and compensating fields might not always 
lead to good target uniformity and significant dose sparing of the normal tissues. 
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In these cases, more advanced planning techniques would be required to improve 
the dose distributions in the target and the organs at risk. One such technique is 
forward planning with electronic compensation that takes into account the curva-
ture of the body contours to provide homogenous dose to the target (Chui et al 
2002, Caudell et al 2007, Emmens and James 2010, Hideki et al 2013). The 
method uses dynamic MLC to modulate individual beamlets across the photon 
fields to improve dose distributions. The irregular surface compensator (ISC) is 
the implementation of an electronic compensation algorithm in the Eclipse treat-
ment planning system and is the subject of one study in this thesis (Paper II). ISC 
is thought to provide improved dose distributions that are comparable with those 
that could be achieved through inverse planning intensity modulated radiation 
therapy (IMRT), at the same time being less resource-demanding or sensitive to 
the interplay effects caused by motion and setup uncertainties as the latter meth-
od (Caudell et al 2007, Hideki et al 2013). Most studies regarding the perfor-
mance of electronic compensation methods date from before the introduction of 
convolution-superposition algorithms for dose calculation. 

4.4 Proton therapy 
Proton radiation therapy is a new treatment option for breast cancer patients 

in comparison to photon therapy. It is expected to further improve the outcome 
through favourable dose distributions (Bjork-Eriksson and Glimelius 2005, We-
ber et al 2006). Thus, protons penetrating matter have a finite range given by 
their energy and the medium through which they travel. As they enter a medium, 
they deposit little energy until they are about to stop, when they deposit most of 
their energy in a Bragg peak with a steep dose falloff beyond which there is vir-
tually zero dose deposition. 

Proton therapy could be delivered either with passively scattered beams or 
with actively scanned pencil beams (Suit et al 2010). Passive scattering involves 
the use of scattering and range-shifting materials to spread a proton pencil beam 
laterally and in depth to create a uniform dose distribution that could be em-
ployed for treatment though the use of field-specific apertures and range com-
pensators. The spread in depth of the protons usually aims at the formation of a 
spread-out Bragg peak (SOBP) that ensures a uniformly high dose over a certain 
depth interval. 

Active scanning involves the use of magnetic fields to scan the beam in the 
transversal direction, while energy modulation is used for depth scanning, offer-
ing the possibility to create uniform SOBPs as well as more complex dose distri-
butions suitable for intensity modulated proton therapy (IMPT). Active beam 
scanning is expected to provide better dose conformity, while minimising the use 
of beamline-, patient- or field-specific hardware. Additionally, IMPT also pro-
vides an advantage from a radiation protection point of view by decreasing the 
production of neutrons and activation products in the beam line. 
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Protons also have an increased radiobiological effectiveness compared to 
high energy photons. Most experiments performed in the middle of a SOBP sug-
gested that the relative biological effectiveness (RBE) of the protons is about 1.1 
and this led ICRU to recommend the use of this generic value for the uniform 
scaling of all proton dose distributions (ICRU 2007). Nevertheless, experimental 
data show a variation of the RBE of protons with tissue type, investigated end-
point, dose and energy of the protons (Gerweck and Kozin 1999, ICRU 2007). It 
is particularly noteworthy that the increase in proton stopping power in the distal 
part of the Bragg peak is associated with an increase in RBE faster than the dose 
falloff, yielding a tissue-dependent increase in the range of the RBE-weighted 
absorbed dose that has to be accounted for in treatment planning. More efforts 
have been done lately to quantify this feature and include it in radiobiological 
models (Carabe et al 2012, Dasu and Toma-Dasu 2013, Wedenberg et al 2013) to 
be used for the advanced optimisation of proton plans (Wedenberg and Toma-
Dasu 2014). 

In spite of the mentioned advantages, proton therapy has scarcely been used 
in comparison to photon therapy as it is still expensive (Lundkvist et al 2005) and 
also susceptible to range and setup uncertainties and in the case of scanned 
beams to interplay effects caused by interferences with physiological motion 
(ICRU 2007). Proton beam scanning is available in Sweden at the Skandion Clin-
ic, the national proton therapy centre in Uppsala, which has started clinical opera-
tion on the 31st of August 2015. The potential of protons for breast cancer radia-
tion therapy has been investigated in three studies that are part of this thesis (Pa-
pers III, IV and V). Two planning techniques have been explored, single field 
uniform dose (SFUD) which aims at delivering uniform doses to the target from 
each field and IMPT where the contribution of all fields in the plan is simultane-
ously optimized to deliver a uniform dose to the target. 

4.5 Respiratory gating 
Respiratory movement has long been a cause of concern for thoracic radio-

therapy as it could change the relative position of the target, normal tissues and 
the radiation beam (Langen and Jones 2001). This could result in a worst case 
scenario in missing the target with the high dose region or misplacing the normal 
tissues into the high dose region. The concerns are further enhanced if more ad-
vanced modalities like IMRT or proton therapy are used to create complex dose 
distributions for treatment. Studying the effect of respiratory movement on dose 
distributions in radiation therapy, Willet and co-workers observed that some 
phases of the breathing cycle could offer both a stable position of the structures 
involved and a good separation of the target and normal tissues leading to a sig-
nificant sparing of the latter (Willett et al 1987). They consequently proposed the 
use of respiratory gated radiotherapy to limit motion during irradiation and to 
achieve more favourable dose distributions. The term is now used for a variety of 
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techniques, including deep inspiration breath hold (DIBH) where the patient 
takes a deep inspiration and then holds breath for a relatively long time and en-
hanced inspiration gating (EIG) where the patient is coached into breathing with 
larger amplitudes, but no attempt is made to hold breath for a longer time inter-
val. Clinical implementation of the technique requires real-time management of 
the breathing cycle of the patients as well as control systems that allow turning 
on or off the imaging or the irradiation systems used, based on the measured res-
piratory amplitude. 

Studies on the use of respiratory gating for breast radiotherapy with photons 
have shown that doses to the OARs could be reduced (Korreman et al 2006, 
Vikstrom et al 2011, Hjelstuen et al 2012) and this would eventually be translat-
ed into a reduction of the radiotherapy-induced complications for these patients 
(Shah et al 2014). Investigating the potential of the technique for proton therapy 
was the subject of one study in this thesis (Paper IV) as few studies have investi-
gated this aspect of proton therapy (Mast et al 2014, Lin et al 2015). The more 
general impact of the breathing motion on dose distributions from proton radio-
therapy has been addressed in another study in this thesis (Paper V). 
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5. RESULTS 

5.1 Paper I 
Paper I showed significant differences of the dose distributions between the 

plans calculated with AAA and with PBC for both target and OAR. The analysis 
was performed separately for patients receiving breast treatment only and for 
those receiving treatment to the breast and the loco-regional lymph nodes. For 
the latter group the largest difference was for PTV and CTV-T coverage accord-
ing to the AAA calculations which extended the 93 and 95% isodoses into the 
PTV. All AAA plans showed significantly larger heterogeneity index for the 
PTV. Local increases in dose, “dose hotspots”, were sometimes observed near 
sensitive structures like nerves of the brachial plexus. AAA plans also showed 
different dose distributions in the ipsilateral lung, with higher volumes receiving 
doses below 25-30 Gy (V10 Gy was significantly larger in AAA plans), but smaller 
volume receiving doses above 30 Gy. Another important finding was that AAA 
predicted significantly lower doses to the heart. 

5.2 Paper II 
The Irregular Surface Compensator technique (which could be regarded as 

an intermediate step between IMRT and conventional RT with static fields) had 
some potential for improving dose distributions in comparison with standard 
three-dimensional conformal radiotherapy for breast RT. With ISC, PTV and 
CTV-T achieved a better coverage manifested in the reduction of hotspots and a 
smaller heterogeneity index. There was also a reduction of the doses to the ipsi-
lateral lung, the LAD and the heart for patients with disease of the left-side, but 
the differences did not reach statistical significance. The technique could have 
further advantages for patients with larger PTV, reducing the risk for complica-
tions such as fibrosis of the skin and the lung. 

5.3 Paper III 
Proton therapy with scanned pencil beams improves target coverage and 

spares OAR compared with therapy with standard photon irradiation with ISC. 
Both planning approaches for protons reduced hotspots and the heterogeneity 
index for the PTV, as well as the doses to the heart and the LAD. Unfortunately 
the dose to the contralateral breast increased, but was quite low in absolute terms 
and will not influence the potential future treatment of the contralateral breast. 
Proton treatment may also reduce the integral dose outside PTV, from 67 Gy·kg 
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to 48 Gy (RBE)·kg for both SFUD and IMPT. The most important finding was 
however the significant reduction of the mean heart dose, from 2.2 Gy to 0.4 Gy 
(RBE), and the dose to the LAD. Proton irradiation also showed a trend towards 
increased low-dose component in the ipsilateral lung. 

5.4 Paper IV 
This study separately analysed proton and photon plans for enhanced inspira-

tion gating, compared with treatment under free breathing. Regardless of the res-
piratory pattern, proton plans were better for all patients. The heterogeneity index 
decreased from 12% to 5% with protons. The mean LAD doses were significant-
ly lower for proton plans and the mean dose to the heart decreased by a factor of 
4 in WBO patients and by a factor of 10 in BRN patients. A reduction of the 
mean dose to the ipsilateral lung was also observed, in BRN patients from 12 Gy 
in EIG and 14 Gy in FB in photon plans to 7 Gy (RBE) in EIG and respectively 
6-7 Gy (RBE) in FB in proton plans. In comparison, for the WBO group the 
mean dose to the ipsilateral lung was 5-6 Gy (RBE) with proton therapy which 
was not significantly different from that of photon plans. For the WBO patients, 
the volume of the lung receiving doses above 10 Gy (RBE) (V10 Gy) increased 
with protons from 12% to 19% in FB and from 13% to 23% in EIG. V10 Gy for the 
lung was higher in EIG proton plans than in FB proton plans. As in the previous 
study the integral dose was reduced for all patients from 76-80 Gy·kg with pho-
tons to an average of 51-52 Gy (RBE)·kg with protons. 

5.5 Paper V 
This study showed that breathing motion can reduce target coverage for pro-

ton beam scanning. Inhalation increased the ipsilateral lung burden [average dose 
5.8-6.8 Gy (RBE)], but exhalation decreased it [average dose 3.1-4.5 Gy (RBE)]. 
The volume of the ipsilateral lung receiving doses above 20 Gy (RBE) varied 
from 4-6% at exhalation to 11-13% at inhalation. Only small changes were ob-
served for the doses to the LAD and the heart parameters during the breathing 
cycle. The largest differences were observed for IMPT plans, but the changes 
were very small and likely without observable clinical implications. All these 
results suggest that breathing motion might have little impact for the chosen 
beam arrangements with scanned proton beams. 
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6. GENERAL DISCUSSION 

The addition of radiation therapy as adjuvant treatment for patients with 
breast cancer improved local control and overall survival (Clarke et al 2005, 
Darby et al 2011, Brown et al 2015). The rather long life expectancy for this 
group of patients highlights the importance of limiting the risk for normal tissue 
complications to maintain the quality of life for these patients. Indeed, there is a 
risk that normal tissue morbidity may offset the potential benefit that radiothera-
py brings for breast cancer patients. In this respect, the present project has been 
dedicated to the study of the radiation burden to normal tissues from modern ra-
diation therapy techniques and the ways by which these and the associated com-
plications could be reduced. Various aspects of this problem have been investi-
gated, from the importance of the calculation algorithm used to characterise the 
dose distributions in the tumour and normal tissues (Paper I) and the potential of 
new irradiation techniques (Paper II and III) to the impact of breathing motion on 
the dose distributions from advanced treatment modalities (Paper V) and the ad-
ditional benefit of systems that could be used clinically to limit the irradiation of 
normal tissues (Paper IV). 

Dose distributions in radiation therapy are calculated by treatment planning 
systems (TPS) using algorithms with various degrees of complexity. Pencil beam 
convolution algorithms are among the oldest photon algorithms employed that 
provide a satisfactory degree of accuracy in homogeneous media. Therefore, 
most of the clinical experience regarding the correlations between complication 
rates and radiation burden in normal tissues comes from dose calculations with 
these algorithms, including many national and international tolerance levels and 
dose recommendations like those of Emami et al (1991) or those of the QUAN-
TEC collaboration (Bentzen et al 2010). More recent algorithms like AAA pre-
dict better and more realistic dose distributions, especially in heterogeneous me-
dia (Bragg and Conway 2006, Van Esch et al 2006) and therefore are recom-
mended for breast radiotherapy. However, it has been shown that changing the 
algorithm for dose calculations from PBC to AAA influences the evaluation of 
parameters for the risk of complications in normal tissues (Bufacchi et al 2013, 
Hedin and Back 2013, Petillion et al 2014) and in consequence influences also 
the dose thresholds that are associated with certain levels of complications. 
Knowledge on the differences in predictions between algorithms could be ob-
tained in studies comparing their performance in patients. It should be noted that 
many previous comparative studies used a limited number of patients with main-
ly tangential irradiation of the breast, e.g., a single patient in Knoos et al (2006) 
or ten patients in Basran et al (2010). Only in recent years the number of patients 
was increased in several parallel studies, e.g., twenty in Yoo et al (2012), Bufac-



Anna M. Flejmer 

36 
 

chi et al (2013) and Hedin and Back (2013) and 30 in Petillion et al (2014). To 
the best of the knowledge, Paper I used the largest patient cohort this far (40 pa-
tients) to study the differences between AAA and PBC predictions. The cohort 
included patients with both WBO and BSC irradiations, which ensured a repre-
sentative cross-section of patients from current clinical practice. The results of 
Paper I predicted increased heterogeneity in the target volume and higher doses 
to the ipsilateral lung, in agreement with results of other parallel studies compar-
ing the performance of AAA with PBC (Basran et al 2010, Yoo et al 2012, Bu-
facchi et al 2013, Petillion et al 2014). It is interesting to note that although 
small, the differences between predictions of the two algorithms were statistically 
significant in many cases. Furthermore, the results in Paper I were different for 
the two subgroups (WBO and BSC), highlighting the difficulties in extrapolating 
findings of subgroup analyses, similar to the difficulties in extrapolating findings 
from various tumour sites (Bufacchi et al 2013). 

The results could also be discussed from the perspective of the target or the 
involved OAR. Thus, maintaining the current standard of care would require a 
relaxation of the requirements for target homogeneity to reflect the predictions of 
the AAA. Indeed, relaxing the criteria for target homogeneity has been included 
in the latest set of recommendations from the Swedish radiotherapy group (Blom 
Goldman et al 2014) in comparison to the older set of recommendations listed in 
Table I of Paper II. The results in Paper I also showed that the average dose to 
the target is smaller for AAA calculations than for PBC calculations and there-
fore maintaining the requirement for average dose to the target would in turn in-
crease the doses to the OAR. Nevertheless, in many cases the dosimetric parame-
ters for plan acceptance are lower than the tolerance criteria for the OAR in-
volved and could accommodate a possible increase in OAR doses. 

Similar considerations regarding dose distributions from AAA also apply for 
the OAR. Thus, it was found that AAA could lead to higher hotspots, which were 
sometimes near sensitive structures such as the brachial plexus. Johansson et al 
(2002b) previously reported 4% brachial plexus neuropathies at 5 years and 12% 
at 30 years for equivalent doses in 2 Gy fractions of about 63 Gy. These dose 
levels are equivalent with those from a dose hotspot of about 125% of the pre-
scription dose for either of the fractionation regimes currently employed for irra-
diating patients for breast cancer and from this perspective this topic deserves 
further investigations. Nevertheless, such an investigation, which is beyond the 
purpose of the present study, is time consuming and needs specific knowledge to 
delineate the involved structure for accurate dose response characterisation. 

Statistically significant differences were also found for the ipsilateral lung 
and for the heart. Thus, both the mean dose and the volume of tissue receiving 
more than 20 Gy (V20 Gy) for the lung were significantly higher with AAA than 
with PBC, although the absolute change was rather small. Higher differences 
were found for the volume receiving more than 10 Gy (V10 Gy) which is thought 
to correlate with radiological changes in the lung (Blom Goldman 2010) and this 
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indicates that further studies are needed to characterise the sensitivity of the lung 
around these doses. 

The results also showed that the mean dose to the heart was significantly 
lower in AAA calculations than in PBC calculations, by 13% in BSC patients 
and by 22% in WBO patients. The range of individual values was rather broad, 
4-22% in BSC and 4-44% in WBO. These findings reflect the situation of the 
normal tissue complication probabilities for the lung where AAA required signif-
icantly different model parameters than PBC (Bufacchi et al 2013, Hedin and 
Back 2013, Petillion et al 2014). Indeed, our findings indicate that the heart could 
be 13-22% more sensitive that thought based on PBC findings. Based on PBC 
calculations (Taylor et al 2009, Taylor et al 2011), a large case-control study re-
ported a few years back that heart irradiation from radiotherapy for breast cancer 
could increase the risk for major coronary events by 7.4% Gy-1 with no threshold 
(Darby et al 2013). Nevertheless, this rate is affected by some uncertainties. Thus 
the 95% confidence interval (2.9-14.5%) indicates a possible variation of the sen-
sitivity by a factor of two in either direction. Furthermore, the heart doses were 
not original patient doses, but were derived from reconstructions of the treatment 
plans from the various techniques employed since the 1950s adding further un-
certainties to the estimated rate of complications. Further analyses of the predict-
ed differences in heart sensitivity are therefore warranted and careful attention 
should be paid to the algorithm used for dose calculation. Such considerations on 
tolerance levels could become the basis for future revisions of the recommenda-
tions to maintain the current balance between local control and complications in 
the normal tissue. Our results also suggest that pooling results from several cen-
tres using different dose calculation algorithms will be fraught with uncertainties 
regarding the actual dose received. 

The change of the irradiation patterns and the decrease of radiation doses to 
the heart and other OAR from modern irradiation techniques (Brown et al 2015) 
has produced lower complication rates than in historical cohorts (Henson et al 
2013). From this perspective it might be better to limit the analyses to the patient 
subgroups that are at higher risk for developing complications, either from in-
creased radiation burden from standard techniques or from coexisting morbidi-
ties. Such subgroups are rather small in the case of breast cancer patients, but 
they might require dedicated treatment techniques that could further reduce the 
doses to the OAR for an acceptable target coverage. Papers II-IV in the present 
project used this approach, studying the potential for the reduction of dose bur-
den and hence the probability for normal tissue complications using improved 
techniques for irradiation or patient monitoring. The investigated techniques are 
the irregular surface compensator (Paper II), proton therapy (Paper III) and res-
piratory gating techniques (Paper IV).  

The irregular surface compensator that was the topic in Paper II uses dynam-
ic MLC to improve dose homogeneity for breast radiotherapy. All patients in-
cluded in this study were different from the average patient since they had heter-
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ogeneous dose distributions in the target or existing lung comorbidities that re-
quired maintaining the radiation burden to this organ as low as possible. For 
these reasons, this was a rather small group of patients, but it was considered 
suitable for a preliminary report from the first 10 patients investigating the poten-
tial for improvement that could be achieved with the ISC technique. The results 
showed that ISC could be used to improve dose homogeneity in the target, but 
the improvement in target coverage with the 93% isodose failed to reach statisti-
cal significance, probably due to the size of the investigated population. With 
respect to the OAR, the ISC showed potential to reduce the lung burden, with the 
difference in V20 Gy being on the borderline of statistical significance. The results 
also showed a tendency for ISC to increase cardiovascular burden. These results 
are in line with those from a recent study investigating only WBO patients 
(Hideki et al 2013). While a direct comparison with the WBO subgroup cannot 
be attempted due to the size of this subgroup in Paper II, it is worth mentioning 
that the inclusion of patients requiring ISC continues and a new analysis will be 
attempted after more patients have been included in the different subgroups. It 
should also be mentioned that the original patient cohort included both WBO and 
BSC patients which may have diluted some of the expected results, as these sub-
groups have different patterns of radiation burden as shown for example in Paper 
I. While ISC has potential for a small group of patients, the advantages of using 
the technique for all patients is questionable since the standard 3D-CRT is capa-
ble of reducing the dose burden for many patients in the general breast cancer 
population (Brown et al 2015). The future analysis on a larger group of patients 
will hopefully provide more information on the potential of ISC. 

The need for further improvement of the dose distributions in the patient co-
hort in Paper II had also motivated the comparison with scanned beam proton 
therapy that made the subject of Paper III. The low number of included patients 
should be born in mind when trying to interpret the results and prognosticate fu-
ture advantages of proton therapy. Proton therapy with scanning beams has re-
cently become available at the Skandion Clinic, the national proton therapy cen-
tre in Sweden. The comparison in Paper III has shown that protons have a signif-
icant potential for improving target coverage and reducing the normal tissue bur-
den. However the analysis of the subgroup of patients with left-side disease only 
neared statistical significance in many instances. Therefore, the potential of pro-
tons has also been investigated on the larger number of free-breathing patients in 
Paper IV and the new analysis confirmed the dosimetric parameters and findings 
in Paper III, with improved statistical significance. These findings are also in 
agreement with other studies investigating the potential of scanned proton beams 
for locoregional treatment for breast cancer (Ares et al 2010, Jimenez et al 2013). 
It is interesting to note that both Paper III and Paper IV showed a significant po-
tential for the protons to reduce the mean dose to the heart and the LAD. This 
should be taken into account for the selection of future breast cases for proton 
therapy in Sweden. The results also showed that protons could reduce the lung 
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burden for locoregional treatments. In contrast, for whole breast treatments pro-
tons showed a tendency towards increasing the low-dose component of ipsilateral 
lung. Also, protons showed potential for reducing the integral dose in comparison 
to photon techniques, with the largest effect for locoregional treatments where 
large volumes of normal tissue are irradiated with the latter techniques. 

 

Figure 1. Comparison of lung dosimetric parameters (mean and standard deviation) 
in photon plans in enhanced inspiration gating (EIG) and proton plans in 
free breathing (FB). Upper panels - WBO patients; lower panels - BSC 
patients. 
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Normal tissue sparing could also be achieved for photon radiotherapy tech-
niques through monitoring the breathing of the patients and irradiating in the 
phases of the breathing cycle that offer a good separation of the target and normal 
tissues (i.e., through respiratory gated radiotherapy). The added advantage of this 
approach for proton therapy has been investigated in Paper IV. The results of this 
comparison showed that proton treatments could improve target coverage and 
reduce normal tissue burden and the integral dose in both gated and free breath-
ing patients. These results are comparable with and add to those from recent sim-
ilar studies that only investigated whole breast treatments (Mast et al 2014, Lin et 
al 2015). 
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The cross comparison between photon plans with EIG and proton plans in 
free breathing mode showed that protons could still provide a dosimetric ad-
vantage for the lungs (Figure 1), highlighting the potential of this treatment mo-
dality. However, the potential for cardiovascular sparing (Figure 2) varied and 
protons were only as good as the best sparing that could be achieved in photon 
EIG radiotherapy. Taking into account the estimated cost of the two treatment 
modalities, these results suggest that gated photon radiotherapy should be a first 
option in the attempt to reduce the radiation burden to the heart and the LAD. 

 

Figure 2. Comparison of cardiovascular dosimetric parameters (mean and standard 
deviation) in photon plans in enhanced inspiration gating (EIG) and pro-
ton plans in free breathing (FB). Left panels - WBO patients; right panels 
- BSC patients. 
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The interaction between breathing motion and the limited range of protons is 
one of the uncertainties that have to be considered with respect to proton therapy 
for breast cancer. The impact of this aspect has been studied in Paper V as only 
one other study exists on this topic (Ares et al 2010). The results indicated that 
breathing motion during proton breast radiotherapy determines a degradation of 
target coverage and could also affect the dose distributions in the OAR. Most 
differences were seen for the lung, where exhalation tended to decrease the lung 
burden, while inhalation increased it. Smaller differences were seen for the dosi-
metric parameters characterising the burden to the heart and the LAD. Neverthe-
less, the absolute changes were very small and therefore their expected clinical 
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impact is also quite small, thus supporting the potential advantages of proton 
therapy for breast cancer. 

At present there are no national guidelines for using protons for breast cancer 
radiotherapy, but the findings of these studies could help in the selection of the 
appropriate groups. Thus, women with heart or coronary disease, women with 
unfavourable anatomy that would otherwise increase the radiation burden for 
photon therapy (e.g., severe scoliosis or pectus excavatum) or women which do 
not comply with the requirements of respiratory gating could be candidates for 
radiation therapy with protons. Patients with severe lung damage that should un-
dergo locoregional therapy might also be suitable candidates for proton radio-
therapy. 

Although focused on breast cancer patients, the individual studies of this 
project have offered valuable insights into the impact of anatomical variations on 
dose burden from radiation therapy as well as on the factors influencing the at-
tempts to decrease the doses to the normal tissues. These could be used for the 
individualisation of breast cancer treatment that can ultimately improve the quali-
ty of life for this group of patients. 
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7. GENERAL CONCLUSIONS 

AAA should be preferred over the PBC algorithm for breast cancer radio-
therapy as it gives more realistic dose distributions. Although small, the differ-
ences between dosimetric parameters are statistically significant. This suggests 
that normal tissue complication parameters might have to be revised to reflect the 
observed rates of complications. 

Other irradiation techniques like the ISC or proton therapy should be consid-
ered as clinically useful alternatives for breast cases that require particularly high 
homogeneity of the dose to the target, such as patients with multifocal or lobular 
cancer and especially the sub-group that requires irradiation of the supraclavicu-
lar lymph nodes. These techniques could also be used to reduce the radiation 
burden to organs at risk.  

The respiratory gating technique could be considered as a clinically useful 
alternative for patients with left-sided breast cancer that require particularly high 
dose to the target, especially the subgroup that requires irradiation of the supra-
clavicular and axillary lymph nodes. Proton spot scanning may reduce normal 
tissue burden in both free breathing and enhanced inspiration gating, thus having 
increased potential to improve the quality of life of the patients after radiation 
therapy. 

The impact of physiological breathing motion during proton radiotherapy for 
breast cancer is small as the differences in the delivered doses between inhalation 
and exhalation are very small. 

These findings could be carefully extrapolated to other patient groups help-
ing in the process of individualising radiation therapy in order to maximise tu-
mour response and minimise the risk for complications. 
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8. FUTURE PROJECTS 

8.1 Monitoring cardiac side effects from radio-
therapy to the left mammary gland 

Limiting the doses to the normal tissues could be an effective approach to 
reduce the risk of complications. However, as shown by the results of this pro-
ject, the degree of sparing is not the same for all patients and therefore monitor-
ing the changes induced early by the treatment could provide additional infor-
mation on the patients at risk for developing complications that could be referred 
to preventive strategies before the changes become too severe. From this perspec-
tive a study has been initiated to investigate the early pattern of appearance of 
changes in the cardiac function in breast cancer patients undergoing radiotherapy. 
The study employs new imaging technologies that could quantify the minute 
changes in physiological function and could also shed some light upon the under-
lying mechanisms that determine these changes. The study has been approved by 
the regional ethical review board in Linköping (2013/10-31, 2015/144-32). 

8.1.1 Patient cohort and study design 

The project aims to include at least 20 breast cancer patients undergoing ra-
diation therapy to investigate the temporal and spatial patterns of cardiac side 
effects induced by radiation treatment for breast cancer and correlate with cardi-
ovascular dosimetry. Patient accrual has been low, mainly due to patients having 
difficulties in tolerating the schedule of additional investigations and therefore 
only nine patients are available for analysis at this point. Each patient was repeat-
edly imaged with ultrasonography and magnetic resonance to assess the function 
of the myocardium at several time points during or after the treatment. An initial 
baseline investigation was performed before the start of treatment to evaluate the 
function of the unirradiated myocardium. A second investigation was performed 
during the second week of radiation therapy and reflects the earliest tissue re-
sponse evaluation. Three other investigations followed, immediately after the 
completion of the therapy and then at 6 months and after 12 months post-therapy 
to evaluate the short- and long-term response. All patients received standard ra-
diotherapy, although the standard changed during the progress of the study from 
25 fractions of 2 Gy to 16 fractions of 2.66 Gy for treatment to the breast only. 
The heart, the left ventricle and the LAD were delineated for each patient and 
dosimetric parameters were derived for these structures. The study investigated 
mostly left-sided patients, but right-sided patients after anthracycline therapy 
have also been included in the comparison. This subgroup will hopefully offer 
information on their cardiovascular radiation burden (OAR structures are not de-
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lineated in these cases), as well as on the equivalent effects from the use of an-
thracyclines in breast cancer patients. Future correlation with cardiac MRI results 
will also offer insights into the mechanisms of appearance of cardiac complica-
tions from radiotherapy. 

8.1.2 Monitoring heart function during treatment 

Cardiac monitoring is performed with a multimodality approach using: 

a) Strain rate imaging (US-SRI), an echocardiographic technique capable of 
quantifying the deformation properties of the myocardium; 

b) Cardiac magnetic resonance imaging (C-MRI), capable of investigating 
myocardial function, oedema and the development of interstitial fibrosis. 

Echocardiography is an attractive technique for monitoring treatment-
induced cardiac toxicity (Kongbundansuk and Hundley 2014). In particular, ul-
trasound-based strain rate imaging (US-SRI) can quantify the deformation prop-
erties of the myocardium, thus enabling a subtle evaluation of segmental myo-
cardial function. Speckle tracking (Figure 3) detects the local deformation of car-
diac muscle that can be recalculated as "strain" which can be thought of as repre-
senting the relative length change of the myocardium, as well as the rate at which 
the length changes, in different segments of the heart. This technique has been 
proven useful in cardiology patients and has been proposed as a candidate for 
surveillance in oncology. 

 

Figure 3. Speckle tracking for strain measurements in the left ventricle at Linkö-
ping University Hospital. 

 

 

Tissue characterisation by T1 and T2-mapping cardiac magnetic resonance 
imaging (Figure 4) has recently been developed at Linköping University to visu-
alise fibrosis and oedema in the left ventricle by measuring the spin-spin relaxa-
tion in inversion recovery sequences (Kindberg et al 2012, Kvernby et al 2014). 
This is the first attempt to use the technique for monitoring radiation side effects 
such as oedema and loss of pumping function in oncology patients. 
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Figure 4. Magnetic resonance imaging of cardiac oedema at Linköping University 
Hospital. 

 

 

The aim is to use these techniques to monitor cardiac function to assess tem-
poral changes in breast cancer patients undergoing radiation therapy. 

8.1.3 Preliminary results 

The preliminary results from the patients available at this time point show a 
post-treatment loss of cardiac systolic function measured as strain determined 
with echocardiography. The investigated population at this point is however too 
small to seek correlations with the radiation burden to the cardiac structures. 
Nevertheless, preliminary analyses have yielded negative Spearman's rank corre-
lation coefficients (Figures 5-7) suggesting a possible inverse correlation be-
tween strain reduction and radiation dose. 

 

Figure 5. Reduction in peak systolic myocardial strain at 12 months post-therapy 
as a function of the mean radiation dose to the left ventricle 
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Figure 6. Reduction in peak systolic myocardial strain at 12 months post-therapy 
as a function of the mean radiation dose to the heart 
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Figure 7. Reduction in peak systolic myocardial strain at 12 months post-therapy 
as a function of the near maximum radiation dose to the heart 
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Further analysis will focus on the detection of oedema by MRI T1 and T2 
mapping and investigate whether the intensity of oedema correlates with the re-
ceived amount of radiation to the left ventricle. 
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8.2 Normal tissue sparing at internal mammary 
nodes treatment with proton radiation therapy 

Another study has been initiated to investigate the normal tissue burden from 
the treatment of internal mammary nodes (IMN) in breast cancer radiotherapy 
using scanned proton beams with or without respiratory gating. The study used 
CT-datasets acquired from ten left-sided patients during enhanced inspiration 
gating (EIG) and free-breathing (FB). The patients were planned with intensity 
modulated proton therapy (IMPT) for loco-regional breast treatment. The pre-
scribed dose to the target was 50 Gy (RBE) in 25 fractions, assuming an RBE of 
1.1. Different plans were produced for breast plus axillary and supraclavicular 
nodes respectively breast plus axillary, supraclavicular and internal mammary 
nodes. The doses to the organs at risk for cardiopulmonary complications were 
analysed for each group separately. 

Preliminary results showed that the inclusion of the IMN in the target vol-
ume leads to a small increase of the cardiopulmonary burden. In free-breathing 
cases the average dose to the heart increased from 0.3 to 0.4 Gy (RBE) and the 
average dose to the lung increased from 6.1 to 6.6 Gy (RBE), while the average 
dose to the LAD decreased from 4.1 to 3.8 Gy (RBE). For enhanced inspiration 
gating cases the average dose to the heart was almost unchanged (0.2 Gy RBE), 
the average dose to the lung increased from 6.9 to 7.4 Gy (RBE) and the average 
dose to the LAD decreased from 3.3 to 2.6 Gy (RBE). The results indicate that 
scanned proton beams offer the possibility of including the internal mammary 
lymph nodes in the target for breast cancer radiotherapy without a significant 
increase of the risk for cardiovascular toxicity and only with a small increase of 
the risk for pulmonary toxicity, independently of the use of respiratory gating 
during the treatment. Also, the use of EIG for the treatment of IMN with scanned 
proton beams does not bring a significant advantage in reducing the cardiopul-
monary burden. 
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