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Abstract

Breast cancer(BC) is the most common cancerin women worldwide. Due to early
detection and advancesin adjuvant therap ies, most women diagnosed with early
BC will be cured of their disease, and issues of survivorship are of great
importance. Adjuvant radiotherapy (RT) in BC is well established and
significantly reduceslocal recurrences and BC mortality. Still, it usually involv es
some accidentalirradiation to the heart and lungs , which may lead to long-term
side effects, mainly ischemic heart disease (IHD) and lung cancer (LC). The
overall aim with this thesis was to study IHD and radiatio n-induced LC in women
receiving RT for BC from the early 1990s until recently.

In paper | and paper Il a cohort of women (n=182) receiving computed
tomography (CT)-based RT (3DCRT) for BC during 1992 to 2012, who
subsequently werereferred to a coronary angiography and treated for coronary
stenosis, was studied. Paper | was a reproducibility study with the aim to
examine the inter-observervariation in delineation of the coronary arteries (CAs)
in CT scans used for 3DCRT planning. All patients treated at one of the
participating RT departments (n=32), were selected from the larger cohort, and
the CAs were delineated in the patient®D CT-scans by three oncologists
independently, with a validated CT-based heart atlas as guickline. Spatial
difference between the different delineations, and variance in radiation dose was
calculated. The median distance between the ceners of the arteries was 2-8 mm
for the right coronary artery (RCA), and 1-4 mm for the left main coronary artery
(LMCA) and the left anterior descending artery (LAD). The intraclass correlation
coefficient (ICC) was derived to quantify the varia ncein estimated doses.The ICC
for mean doses varied from 0.76 to 0.98 for LMCA-LAD, and from 0.73 to 0.92
for RCA, indicating that vari ation in radiation doses was mainly due to inter-
patient variation . In conclusion, the study showed high consistency in contouring
the CAsin the patientsO planning CTsin particular the LMCA -LAD. In paper Il ,
the aim was to examine the relationship between radiation dose to the CAs and
subsequent coronary stenosis that required a coronary intervention at this
location. The CAs were delineated and divided into segments in the 182 patientsO
planning -CTs and doses were recalculated based on the dose distribtion of the
original RT plans. The location of the CA stenosis was identified from the Swedish
Coronary Angiography and Angioplasty Register (SCAAR). Mean dosesto the
heart and the LAD were substantially higher in women receiving left-sided RT
compared to right -sided RT. Segment-wise analyses were performed to assess the
risk of developing a coronary stenosis that required an intervention at a certain
radiation dose. Segments receiving radiation doses < 1Gray (Gy) were used as
reference. The main finding was a five-fold increase in risk of a clinically relevant
coronary stenosis in the mid LAD at mean doses over 20Gy, compared to doses
of 0-1 Gy (odds ratio5.23; 95 % CI (confidence interval) 2.01-13.6). There were



too few events to calculateincrease in risk per Gy. Sill, the result of this study
supportsthat the radiation dose to theLAD should be considered at RT planning
and kept as low as possible.

In paper Il and IV, the BcBaSecohort was used to examine risk of IHD, and
radiation -induced LC after adjuvant RT for BC. The BCB&5e consists of 68089
women diagnosed with BC during 1992 to 2012, and340352 age-matched women
without BC diagnosis. In paper Il , Cox regression analyses were performed to
estimate risk of IHD, by comparing women with BC to women without BC
diagnosis, and by comparing left-sided BC to right-sided BC. Kaplan-Meier
analysis was performed to assescumulative incidence of IHD. Women with BC
had a lower risk of IHD compared to women without BC diagnosis at follow-up
(hazard ratio (HR) 0.91; 95 % CI 0.88-0.95). Women irradiated for left-sided BC
had a higher risk of IHD compared to women irradiated for right-sided BC(HR
1.18 95 % CI 1.061.31) The HRs increased with more extensive lymph node
involvement and with addition of syste mic therapy. The cumulative IHD
incidence was increased in women receiving leftsided RT compared to right-
sided RT, starting from the first years after RT and sustained with longer follow -
up. In paper IV , Kaplan-Meier analyses were performed to assess cumlative
incidence of LC andLC-specific survival. Cox regression analyses were performed
to estimate risk of LC after adjuvant RT for BC, comparing women with BC to
women without BC diagnosis. Women with BC receiving RT had a higher
cumulative incidence of LC compared both to women with BC not receiving RT
and women without BC. This became apparent 5 years after RT and increased
with longer follow -up. Women with BC receiving RT had a higher risk of LC
compared to women without BC diagnosis (HR 2.35; 95 % CI 1.54-3.59). LC-
specific survival was significantly higher in women with a prior BC compared to
women without a prior BC diagnosis. In paper lll  and paper IV information
on individual dosimetry data was not available. Most women likely received
3DCRT givenwith tangential fields and were treated before breathing adaption
techniques were implemented in Sweden. The results of thesestudies emphasize
the importance of further development and implementin g of RT techniques and
regimens that lower the cardiac and lung doses.

In conclusion, we found that radiation doses to the LAD remained high in women
receiving 3DCRT for BC between 1992 and 2012and were associated with an
increasedrisk of clinical ly relevant CA stenosis.Delineating the LAD wasfeasible
and the results of these studies support that the LAD radiation dose should be
considered in RT treatment planning . The register-basedstudies confirmed that

the risk of IHD was significantly increased in women receiving left-sided RT and
that the risk of LC after BC RTwas significantly increased in this large cohort of
women with BC.
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Sammanfattning  (summary in Swedish)

Brsstcancer (BC) Sr den vanligaste cancersjukdomen hos kvinnor i Sverige och
globalt. Till f&lid av tidig upptSckt och framsteg inom den adjuvanta
behandlingen blir de flesta kvinnor som diagnosticeras med brSstcancer i tidigt
stadium botade. Adjuvant strElbehandling(RT) min skar risken fSr lokala Eterfall
och f&rbSttrar Sverlevnaden i BC men kan varafSrenad med IEngtidsbiverkningar
i organ belSgna i bréstkorgen. Det Svergripande mElet med avhandlingen var att
studera risk f&r ischemisk hjSrtsjukdom (IHD) och lungcancer (LC) h os kvinnor
som fEtt adjuvant RT fSr BC mellan 1992 och 2012.

| studie I och studie Il studerades en kohort av kvinnor (n=182) som fCEtt CT
planerad RT (3DCRT) mellan 1992 och 2012 och som dSrefte behandlats f3r
kranskSrisstenos som diagnosticerats genom koronarangiografi.Studie | var en
reproducerbarhets-studie med mElet att bedSma den inter-individuella
variationen nSr kranskSrlen ritas in i patienters CT-bilder i samband med
planering av RT. Alla patienter frEn en av de deltagande klinikerna (n=32) valdes
ut frEn den stsrre kohorten och kranskSrlenritades in i patienternas CT-bil der av
tre onkologer, oberoende av varandra. Spatiell skillnad i mm mellan de inritade
kranskSrlen, samt variation i estimerad strEldos berSknades. Avst@Endet mellan
centrum av de inritade kranskSrlen var i median 2-8 mm f&r higer kranskSrl och
1-4 mm f8r vSnster kranskSrl. F3r att bedSma variationen i dos berSknades ICC
(intraclass correlation coefficient). ICC fSr mede Idoser varierade mellan 0.73 och
0.92 3r hger kranskSrl och mellan 0,76 och 0.98 f&r vSnster kranskSrl, vilket
talar fSr att skil Inaderna i estimerade doser till stSrsta del berodde pCE variationer
mellan patienter. Sammanfattningsvis s visade studien emjod samstSmmighet
gSllandeinritning av kranskSrlen i patienters planerings-CT, sSrskilt f&r vSnster
kranskSrl. Syftet med studi e Il var att undersska samband mellan strEldos till
kranskSrlen och efterfsliande interventionskrSvande kranskSrisstenos.
KranskSrlen ritades in i patienternas planerings-CT och delades in i mindre
segment.  StrEldoser till kranskSrisegmenten  berSknades  tifrEn
dosdistributionen i den ursprungliga strCElplanen. Information angCEende
lokalisation fr kranskSrisstenoser hSmtades frEn SAAR (Swedish Coronary
Angiography and Angioplasty Register). Medeldoser till hjSrtat och LAD (den
gren av vSnster kranskSrl som ISgr ISngs frSmre delen av hjSrtatoch nSra
brsstkorgsvSggen) var betydligt hdgre vid vSnstersidig RT Sn vid hdgersidig RT.
Analyser utfSrdes fSr varje segment fSr sig och segment som erhsll doser <1Gray
(Gy) anvSndes som referens. Huvudfyndet i studien var en femfaldigt $kad risk
f&r en kliniskt relevant stenos i mellersta LAD vid strEldoser Sver 20 Gy jSmfsrt
med doser <1 Gyi detta segment (odds ratio 5.23; 95 % konfidens inter vall (CI)
2.01-13.6). Det var f3r fGE hSndelser f3r att kunna berSkna riskskning per Gy, men
resultaten frEn studien stSdjer attstr@&loseni LAD ska beaktas vid planering av
RT och hEllas sCE IEg somligs
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| studie Ill  och studie IV anvSndes BCBaSe kohorten f&r att bed3ma risk f3r
IHD och LC efter adjuvant RT fSr BC. BCBaSe bestEr a8089 kvinnor med BC
och 340352 Eldersmatchade kvinnor utan BC. I studie Il berSknades risk f3r
IHD genom Cox regressonsanalyser. Kvinnor med BC jSmfSrdes med kvinnor
utan BC, och kvinnor med vSnstersidig BC jSmfSrdes med kvinnor med
h3gersidig BC. Kumulativ incidens berSknades genom KaplanMeier analys.
Kvinnor med BC hade ISgre risk f&r IHD jSmfsrt med kvinnor utan BC (hazard
ratio (HR) 0.91; 95 % CI 0.88-0.95). Kvinnor som erh3ll vSnstersidig RT hade
hsgre risk f&r IHD jSmfsrt med kvinnor som erh3ll hdgersidig RT (HR 1.18; 95 %
Cl 1.06-1.31). Risken var Snnu h3gre hos kvinnor med mer utbredd
lymfkSrtelmetastasering i armh@Elansamt hos kvinnor som ocks( fick systemisk
behandling med cytostatika och hormonella ISkemedel Den kumulativa
incidensen var hdgre hos kvinnor som fEttmed vSnstersidig RT jSmfsrt med
h3gersidig RT redan de fSrsta Eren efter RT och skillnaden kvastod vid ISngre
uppfsljningstid. | studie IV berSknades kumulativ incidens av LC och LG
specifik Sverlevnad genom Kaplan-Meier analyser. Cox regresions-analyser
genomfdrdes f&r att berSkna risk f&r LC efter str@Elbehandling hos kvinnor med
BC jSmfsrt med kvinnor utan BC. Kvinnor med BC som erhsll RT hade hsgre
kumulativ incidens av LC jSmfsrt med kvinnor med BC som inte erh3ll RT och
kvinnor utan BC. Skillnaden i LC-incidens var mSrkbar 5 Er efter behandling och
Skade med ISngre uppfSljningstid. Kvinnor med BC som erhllit RT haden drygt
fSrdubblad risk f&r LC jSmf&rt med kvinnor utan BC (HR 2.35; 95 % CI 1.543.59.
LC-specifik Sverlevnad var signifikant hSgre hos kvinnor med tidigare BC-
diagnos jSmfsrt med kvinnor utan tidigare BC. | studie Il och studie IV
saknades individuell information om strEldoser och behandlingsupplSgg, men de
flesta fick sannolikt 3DCRT given med tangentiella fSIt och behandladesinnan
andningsstyrda RT-regimer introducerades i Sverige. Resultaten fr(En dessa
studier visar pC vikte av att utveckla och implementera RT-tekniker och regimer
som sSnker strEldogetill hjSrtat och lungorna.

Sammanfattningsvis fann vi att strEldos till LAD fortsatt var hSg hos kvinnor som
erhsll 3DCRT mellan 1992 och 2012 och var associerad till en Skad risk fSr
interventionskrSvande och kliniskt relevant kranskSrlsstenos. Att rita in LAD i
samband med RT-planering var praktiskt genomfSrbart och dosen til | LAD bsr
hEllas sE IEg som msjligt. Regisstudierna bekrSftade att risken f&r IHD var
signifikant f8rhsjd hos kvinnor som erh3ll vSnstersidig RT f&r BC och att risken
f8r LC efter RT fSr BC var signifikant fSrh§jd.
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Background

Breast cancer epidemiology

Breast cancer (BC) is the most common malignancy in women in Sweden and
worldwide (1). Globally, BC represents 24 % ofall cancer cases, and 15 % of all
cancer mortality (2, 3). In Sweden approximately 9000 women were diagnosed
with BC in 2016, and 1400 women died from BC (4). It is estimated that the life -
time risk of developing breast cancerfor Swedish womenis 11 %(4, 5). The BC
incidence has increased over the last decades(Fig. 1), likely due to intr oduction
of mammography screening, and changesin the pattern of risk factors for BC (6-
9).

Despite the increasing incidence,BC mortality h asdecreased(4). Early diagnosis
due to mammography screening, and improvements in BC therapies contribute
to the declining mortality rat es(10-12).
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Figure 1 . Incidence and mortality of BC in Swedish women. Data from
NORDCAN September 2019



Aetiology

BC is a multif actorial disease where there is a strong interaction between
environmental and genetic factors. Apart from female gender, the main risk
factor of BCis increasing age,although the diseasealso occur at younger ages (4).

Estrogen exposure plays an important role in BC aetiology, and there areseveral
hormone-related risk factors of developing the disease. Early menarche, late
menopause, high age atfirst child -birth, no or few pregnancies and long-term
hormonal replacement therapies, are factors that reflect increased estrogen
exposure and hence are associated with higher risk of BC. On contrary,
multi parity and longer duration of breast-feeding have shown to be protective(8,
9, 1315). Obesity and high consumption of alcohol are other life-style related
factors that are associatedto BC(3, 16, 17, whereasphysical activity is correlated
with a reduced risk (18, 19).

Family history is an important risk factor for BC. Approximately 5-10% of all
women with BC have an inheritance pattern of an autosomal dominant dis ease
Another additio nal 1520 % have a family history of two or more first - or second
degree relatives with BC, though no genetical cause has been identified(20-22).
Mutations in tumor suppressor genes BRCA J1lor BRCA 2are strongly correlated
with higher risk of BC, and carriers of these mutations have a life-time risk of
developing the diseaseof approximately 45-80 % (21, 23). TP 53,PTEN, CHEK?2,
ATM, and PALB2 are other known BC susaeptibility genes(24).

Dense mammographic breast tissue is another strong risk factor of BC. Women
with extensive density have an approximately 4 to 6-fold increase in risk of
developing BC compared to women with low breast density (25-27).

Detection and diagnosis

Approximately 60 % of all new BC cases in Sweden are detected by
mammography screening (4). In Sweden,the mammography screeningprograms
were initiated in 1974, and since 1997 all health care regions have established
mammography screening programs (28) . Women from 40 to 74 years are invited
to participate , at ascreeninginterval of 18-24 months (4). The national guid elines
were based on results fromseveral Swedish studiesthat reported a reduction in
BC mortality in women included in mammography screening (29-31). However,
the benefits of mammography have beena matter of somedebate, whereasit may
lead to overdiagnosis and overtreatment of low risk tumors (32). Magnetic
resonance imaging (MRI) have a high sensitivity but a low specificity, and is
mainly used as apreoperative complement in invasive lobular cancer to examine
the extent of the tumor, and as a complement to mammography screening in
BRCA carriers (33-35).



When amalignancy is suspectedat mammography, the recommended diagnostic
work-up includes clinical examination, ultrasound, and histopathological
verification with either fine -needle biopsy or corebiopsy.

At diagnosis all BC are classified according to the TNM classification (Table 1).

The system describestumor size (T), lymph node status (N), and distant

metastases (M). The TNM stage has a strong prognostic impactand is crucial for

preoperative decisions concerning surgery and other therapies (36-38). Clinical

TNM staging is based oninformation available before surgery, and pathological

TNM staging is based on the histopathological examination (Table 1). Based on
the parameters in the TNM system, BCs are adso grouped into different stages
(Table 2).

Table 1 . TNM classificatio n (7t edition)

TNM Clinical staging pN Pathological staging
TO No evidence of primary tumour

Tis Cancer in situ

Tl Primary tumour <20 mm

T2 Primary tumour 21-50 mm

T3 Primary tumour >51 mm

Infiltration of chest wall, skin ulceration,
skin nodules, inflammatory cancer

NO No regional lymph nodes

N1 Movable axillary nodes pN1 1-3 positive axillary nodes
Fixed axillary or internal mammary

T4

N2 nodes clinically apparent pN2 4-9 positive axillary nodes
Supra/infraclavicular nodes or internal >10 positive axillary nodes or
N3 . ) A ;
mammary nodes together with axillary nodes positive infraclavicular nodes
MO No distant metastasis
M1 Distant metastasis




Table 2. Stage classification based on the TNM system

Stage T N M
Stage 0 Tis NO MO
Stage I T1 NO MO
Stage ITA TO-T1 N1 MO
Stage ITA T2 NO MO
Stage 11B T2 NI MO
Stage 1IB T3 NO MO
Stage IITA TO-T2 N2 MO
Stage IITA T3 N1-N2 MO
Stage I1IB T4 NO-N2 MO
Stage II1C Any N3 MO
Stage IV Any Any M1
Surgery

Surgery is the most important treatment modality in the management of women
with early BCand involves either mastectomy or breast conserving surgery(BCS).
Several randomized trials have shown no difference in survival between
mastectomy and BCS followed by adjuvant radiotherapy (RT) (39-42), and
dedisions concerning surgical method are based on tumor size, localization of the
tumor, volume of the breast and patient preferences(43, 44). BCS is considered
as the treatment of choice when suitable, and approximately 70 % of Swedish
women with newly diagnosed BC undergo BCS(45). Involvement of the axillary
lymph nodes is a strong prognostic factor, and pathologic lymph node status
should always be evaluated.The axillary lymph nodes are treated with either
sentinel node biopsy (SNB) or axillary dissection. The sentinel node is defined as
the first lymph node or nodes, that receivelymph drainage from the tumor . The
SNB technique has beenvalidated in several studies and is considered as a
reliable method, with few axillary recurrence, less arm morbidity, and no
difference in survival compared to axillary dissection (46-48). If the sentinel node
is negative no further surgery is conducted, and if the sentinel node is positive,
complementary axillary dissection has until recently been considered as standard
of care (43). Two randomized trials comparing axillary dissection with no further
surgery in patients with positive sentinel node are published. No significant
differences in survival was see between the groups and omitting axillary
dissection may be a treatment option in patients with positive sentinel node and
no clinical signs of axillary lymph node metastases (43, 49, 50).



Pathology

Along with tumor size and lymph node status, the biological feature of the tumor
predict prognosis and need for adjuvant treatment.

Histological classification

The majority of BCs are adenocarcinomas, divided into ductal carcinomas,
lobular carcinomas, and several rare subtypes €.g. mucinous, medullary,
metaplastic, and tubular carcinomas). The dominant morphological subtypes are
invasive carcinoma of no special type, previously known asductal carcinomas (70
%), and lobular carcinomas (20 %) (43, 51).

Histological grade is strongly correlated with prognosis. The Nottingham
histological grade (NHG) combines percentage of tubule formation, degree of
nuclear polymor phism, and mitotic count to form three histological grades grade
1 (total score 35), grade 2 (total score 67), and grade 3 (total score 89) (52).

Biomarkers

Estrogen and Progesterone receptors

The estrogen recefor (ER) is one of the most important BC biomarker s and is a
strong predictor of response to endocrine therapy (11, 53) A cut-off of 10 % i.e
when 10 %or more of tumor cells stain positive in immunoh istochemistry (IHC)
analysis, is most commonly used to classify a tumor as ER-positive. Tumors with
1-9 % ER positive cells have a respon® to endocrine therapy equal to ER-negative
tumors (53, 54). Expression of ER is an important prognosti ¢ factor and high ER
expression is correlated to a better prognosis (53, 55). Expression of the
progesterone receptor (PR) do not predict response to endocrine therapy in ER-
positive tumors, but PR negativity has beenshown to bean independent negative
prognostic factor (56, 57).

HER2

The human epidermal growth factor 2 (HER2) is a tyrosine kinase receptor that
plays an important role in cell proliferation and migration . Overexpression of
HERZ2 is present in approximately 15-20 % of BCsand is associated with a more
aggressive phenotypeand poorer prognosis (58-60). HER2 status is defined by
overexpression of the HER2 protein analyzed by IHC, or by gene amplification
analyzed by in situ hybridization (ISH) (61). Positive HER2 status is a highly
predictive factor for therapies targeting HER2, such as trastuzumab (62).



Ki-67

KI-67 is a nuclear protein present in all proliferating tissue and is the most
common proliferation marker usedin BC pathology (63). It is expressed during
the active phases of the cell cya and is determined by IHC (64, 65). Ki-67
expression corresponds to prognosis and is also a predictiv e factor of responseto
endocrine therapy and chemotherapy (63, 66-68).

Molecular subtypes

In recent years, gene expression profiling has emerged as arelevant complement
to further refine prediction of prognosis and treatment response (69-71). The
definition of the intrinsic molecu lar subtypesis based on a classification by S¢ rlie
etal. (71, 72}

¥ Luminal A: high expression of ER and ER-related genes

¥ Luminal B: expression of ER and ER-related genes expression of
proliferation -related genes

¥ HER?2 enriched: expression of HER2 and HER2-related genes

¥ Basal like: low expression of ER, PR HER2, and expression of basal
cytokeratins

¥ Normal-like: expression of genesoccurring in adipose tissue and other
non-epithelial cells

Endocrine therapy

The ER pathway can be targeted by either inhibiting the ER with a selective
estrogen receptor modulator like tamoxifen, or by decreasng the level of estrogen
by ovarian suppression or aromatase inhibitors (Als). Tamoxifen has been part
of adjuvant treatment for BCsince the 1980s and the effect on BCrecurrence and
BC mortality is well documented in multiple randomized trials (11, 53) In a large
meta-analysis published by The Early Breast Cancer TrialistsO Collaboratig
Group (EBCTCG), an absolute reduction in 15year BC mortality of 9.2 % was
seenin women treated with tamoxifen for five years, which corresponded to a
relative risk reduction of approxi mately one third (53). Prolonged treatment with
tamoxifen for ten years has been studied and a further 2.8 % absolute risk
reduction in 15years BC mortality was seen(73). Based on these results, a
treatment duration of five years is recommended for patients with low risk of
recurrence, and of ten years for patients with high risk criterias, e.g. axillary
lymph node metastases(43). The Als given either for five years, or asa sequential
treatment with tamoxifen to postmenopausal women, have shown a further
absolute risk reduction of 2.1 % in BC mortality compared to five years of
treatment with tamoxifen , corresponding to a relative risk reduction of 15 % (74,
75). Prolonged treatment with Als for 2-5 years after completing five years of



tamoxifen or Al have shown to improve disease free survival (DFS) by
approximately 25 %, but with no significant reduction in BC mortality, and may
be usedin postmenopausal women with high risk of recurr ence (43, 76, 77).

Chemotherapy

Chemotherapy has been usedin early BC since the 1970s, and can be given either
before surgery as neoadjuvanttherapy or after surgery as adjuvant therapy, with
no difference in distant recurr ences or BC mortality (78). Early trials showed
superiority of polychemotherapy over no chemotherapy or single-agent
therapies, with a reduction of BC mortality (79, 80). The anthracyclines
(adriamycin or epirubicin) were introduced in the 1990 s as part of
polychemotherapy regimens, in combination with cyclo phosphamide and 5-
fluorouracil , and were proved to further reduce BC mortality (11) When
compared to no chemotherapy, regimens including anthracyclines gave an
absolute reduction of 10-year BC mortality by approximately 6.5 %, with the
greatest gain seen in women <50 years for whom an absolute reduction of BC
mortality of 10 % was seen(11, 81) High doses of anthracyclines are related to
congestive heart failure and sscondary malignancies (11, 82, 83) Though this risk
is small in comparison to the gain in reduced BC mortality, there are
recommendations concerning maximum cumulative dose of anthracyclines.
Taxaneswere introduced as part of polychenotherapy regimens in combination
wit h anthracyclines in the 2000s, and are given either weakly with paclitaxel, or
every third weak with docetaxel (84). The addition of taxanes to anthracyclines
further reduces absolute BC mortality by approxima tely 2.8 % (81). The addition
of capecitabin to anthracycline- and taxane-containing regimens have shown to
further improve DFS in women with triple negative BC (85). In a recently
published study, the addition of capecitabine after neoadjuvant chemotherapy in
women with residual invasive cancer, was studied, and an absolute reduction of
5-year BC mortality of 8.5 % was senin women with triple negative BC (86).

With adjuvant chemotherapies containing anthracyclines and taxanes, which are
considered as standard treatment in Sweden today,the absolute risk reduction in

BC mortality for all patients is esimated to be 13 %, and the relativerisk reduction

about one third. Though the relative gain of chemotherapy is independent of age
histopathological grade, tumor size, axillary lymph node status, and hormonal

receptor status, absdut e risk reduction in BC mortality is highly correlated to the
risk of recurr ence without chemother apy (86).

HER2 -targeted therapy

Trastuzumab has beenas part of the adjuvant therapy in HER2-positive BC since
the mid 2000s. Trastuzumab is a monoclonal antibody that binds to the
extracellular domain of the HERZ2 -receptor and downregulates the HER2-



pathway. Multiple studies have shown substantial improve in DFS and overall
survival (OS) with trastuzumab containing regimens, with a relative risk
reduction in BC mortality of approximately 36 %, and an absolute reduction in
BC mortality of about 9 % (62, 87-89). No benefit of treatment duration of longer
than 1 yea of trastuzumab has been observed, and several trials have addressed
the question of shorter treatment duration than 1 year(88, 90, 91). In arecently
published meta-analysis of five randomized trials comparing 1 yearvs. shorter
duration of trastuzumab , a signifi cantly better OS of approximately 22 % was seen
at longer treatment duration (92). Trastuzumab is associated with a higherrisk
of congestive heart failure, with an increasing risk at longer treatment duration
(88, 92). Pertuzumab is a monoclonal antibody that blocks the dimerization
between HER2 and other tyrosin kinases at the cell membrane. Neoadjuvant
regimens containing pertuzumab in addition to trastuzumab and chemotherapy
show animprove d pathological complete response rate compared to trastuzumab
and chemotherapy alone (93). The addition of pertuzumab to trastuzumab in the
adjuvant setting further reduces BC mortality in women with high risk criterias,
such as extensive lymph node metastase$94).

Radiotherapy

Introduction

Radiotherapy (RT) has been used to treat cancer since thaliscovery of X-rays at
the beginning of the 20t century. The effect of ionizing radiation is caused by
damage to the DNAby either double- or single-strand breaks. The double strand-
breaks are difficult to repair and may lead to cell death. The single-strand breaks
may causesub-lethal damage to the celk that can be passed through celidivision
and lead to an accumulation of DNA damage, subsequently leading tocell death
or reduced proliferation. Due to inferior DNA repair systems, the rapidly
progressive cancer cellsare more vulnerable to ionizing radiation than normal
tissue cells(95).

In BC, RT was introduced as a part of the treatment in the 1940s. Due to an
immense development in radiation techniques and effort put into radiation

research, the treatment has change considerably over the last decades.
Postoperative treatment of the chest wall and the regional lymph nodes in lymph

node positive BC has been practiced since the beginning of this era, and when

BCSwas introduced in the 1980s, postoperative RT to the remaining breast tissue
becamea standard procedure.

The EBCTCG haswith regularity published large meta-analyses of randomized
RT trials . The early analysesshowed areduction in local recurrencesand in breast
cancer-specific mortality in women receiving postoperative RT but no benefit in



OS. The incidence of cardiovascular mortality was significantly higher in women
allocated to RT and counterbalanced the beneficial effect of RT (96-98).

In an EBCTCG meta-analysis from 2005 there were substantial differences in
local recurrence and BC mortality between women receiving RT andcontrols. A
reduction of 5-yearlocal recurrencefrom 26 %to 5 %,and of 15year BC mortality
from 49.5 % to 44.6 % was seenin women allocated to RT. A reduction of overall
mortality was seen inirradiated women, though less than the reduction in BC
mortality . An excess of cardiovascular deathgrate ratio (RR) 1.24), and of lung
cancer (RR 1.78) was seerin these women (39). The EBCTCG analysis from 2011
included women irr adiated after BCS and a reduction of 10-year first recurrence
from 35.0 % to 193 %, of 15year BC mortality from 25.2 % to 21.4 % and of
overall mortality from 37.6 % to 34.6 % was seen in women receiving RT
compared to controls. The relative risk reduction was independent of lymph node
status or other patient characteristics, while the absolute risk varied substantially
with the greatest benefit of RT seen in women with lymph node positive dis ease
for whom a reduction of 10-year first recurrr ence from 63.7 5 to 425 %, and of
15year BC mortality from 51.3 % to 42.8 %was seen(12). The most recently
published EBCTCG metaanalysis included women with mastectomy randomized
to no RT or RT that included the chest wall, the axillary or supraclavicular lymph
nodes (or both), and the internal mammary chain (IMN) , during 1964-86.
Women with no pathological lymph nodes had no significant benefit of RT. For
women with 1-3 positive lymph nodes a reduction of 10-year local recurrence
from 20.3 % to 3.8 %, andof 15 year BCmortality from 50.2 % to 42. 3 % was seen
and for women with 4 or more positive lymph nodes a reduction of 10-year local
recurrence from 32.1% to 13.0 %, and of 15year BC mortality from 80.0 % to
70.7 % was seen(99).

Radiotherapy technique S

Radiotherapy techniques have changed over the past decadesin hand with

technical improvements. In th e 1950s and 60sorthovoltage tangential irradiation

was usedto the breast tissue,or by direct anterior fields to the chest wall. In the
1970s and 80sthe breast or chest wall were treated with wide tangential fields, or
with direct or oblique anterior fields using Cobalt-60 beams, and in late 80s and
90s tangential breast irradia tion with high voltage photons delivered by linear
acceleratas was introduced. Low energy electrons have been used to treat the
chest wall from the 1970s. The IMN were treated with direct anterior fields or
were included in wide ta ngential fields in the 1960s and 70s, or with Cobalt chain
therapy if the supraclavicular lymph nodes (SCL) were included. A combination

of Cobalt-60 and low energy electrons were usedto treat the IMC and SCL from

the 1970s to the 90s, changing to a combination of high v oltage photons and
electrons in the mid 1990s, when linear accelerators became more widely used.
(100-102). The last two decadesthe breast and chest vall have been treated with



tangential high voltage photons fields, and the SCL and the lymph nodes of the
axilla with anterior and posterior fields. The IMN have been treated with wide
tangential fields or direct anterior fields. In the 1970s and 80s compued
tomography-based three-dimensional conformal RT (3DCRT) and multi leaf
collimators were developed, enabling more accurate dose calculations to the
targets and adjacent tissues and shielding of organs near the target. These
techniques wereimplemented in BC treatment in the 1990s and are still in use
Intensity modulated RT (IMRT), a technique to deliver RT with several beams in
order to shape the target fields was developed in the 1980sand have been used
in some extent in BC (95). Breathing adaption techniques, e.g. Deep inspiratory
breath-hold (DIBH) , aiming to reduce radiation dose to the heart and the lungs
have beendeveloped during the last decade and are now established in most
SwedishRT departments (43, 103).

Targets and organs at ris k

Target definition

The target definition guidelines ha ve changed over the yearswith generally larger
treatment volumes seen in older regimens. These differences are most
pronounced for regional lymph node irradiation , where in older regimens, the
lowest level of the axillary lymph nodes (level 1) were commonly included in the
axillary target and the IMN target extended down to the fifth intercostal space
(100).

Target definition according to the Swedishnational guidelines 2019 (43, 104):

¥ Breast dter BCS: The remaining breast tissue.

¥ Chest wall ater mastectomy: Corresponding to the extent of the breast.
Includes the subcutis and the pectoral muscle.

¥ Regional lymph nodes: The ipsilateral axillary lymph nodes in level Il and
lll, the SCL, and the IMN from the first to the third intercostal space.
The ipsilateral axillary lymph nodes in level | may be omitted if an axillary
clearance is performed.

Organs at risk

Organs & risk (OARSs) are defined as organs and tissue adjacent to the RTield,
that may be exposed to tnwanted irradiation. At BC RT, the heart and coronary
arteries, ipsilateral lung, skin, ribs, contralateral breast, brachial nerve plexus,
oesophagus, thyroid gland, and spinal cord are OARs in close proximity to the
target fields.

The development of computed tomography (CT)-baseddiagnosis and 3DCRT has
revolutionized visualization of target volumes and dose distributions. RT
planning is a balance betweeroptimizing the target coverage and minimizing the
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dose to OARs and often requires compromises. In BCRT incidental radiation to
the heart and the ipsilateral lung is unavoidable, and the main long-term hazards
are heart disease and lung cancelLC).

Tolerance dosesfor different organs are based on clinical studies andQUANTEC
(International Quantitive Analysis of Normal Tissue Effects)guidelines have been
developedto predict acute and late sideeffects of RT. In the latest update from

2010, the guidelines stated that V25 Gy <10 % (e.g. the volume of the heart that

receives 25 Gy or more should be less than 10% of theotal volume of the heart)

will be associated with a <1 % probability of cardiac mortality (105-107). Based
on this the Swedish national guidelines recommend that the mean heart dose
(MHD) should not exceed 10 % ofthe total dose to the target, but preferably
should not evenexceed4 % (108). The recommendations are based on the MHD,
however, several studies have shown thatradiation -induced cardiac disease is
mainly represented by coronary artery (CA) disease (109-111) There may be
differences in radiation tolerance in cardiac substructures, and there are
uncertainties as to whether MHD can be considered as a surrogae marker for

dose tothe CAs(112) To form separate normal tissue complication probability

(NTCP) models and dose constraintsfor the CAsmay be of importance to further

reduce the risk of radiation -induced cardiac events Still, the CAs are small
structures and may be difficult to identify and delineate at the CT scansin RT
planning, these being concems that have been raised(113, 114)

For incidental radiation doses to the lungs, QUANTEC guidelines state that V20
Gy <30-35 %, and the Swedish national guidelines recommend that the volume
of the lung that receives more than 40 % of the target dose should not exceed 20
% (preferably not exceed 10 %), in women with RT to the remaining breast tisste
alone, and not exceed 35 % (préerably not exceedng 20 %) in women with RT
including locoregional lymph nodes (108, 115).

Radiation dose

The Sl-unit of radiati on is Gy, and the definition of 1 Gy is absorbed dos of 1
Joule/kilogram. Different fractionation sche mes can be compared by using a
formula for calculating biological ly effective dose (BED) based on the linear
guadratic model.

BED = Nd (1 +ﬁ)

BED, numbers of fractionations (N) , fraction dose in Gy (d), ! /" is a ratio that
measures the fractionation sensitivity of irradiated cells.
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Target doses

Since RT was established the target doses and fractionation schemes havein
general changed from lower total dose with fewer and higher fractions
(hypofractionati on), to higher total dose with more and lower fractions. Since the
1980s until recently, the most common regimen has been 2 Gy x 25total dose of
50 Gy) (100, 101) Based on the results fromtwo large recently published studies
with hypofractionated radiotherapy, the currently recommended regimen in
Swedenis 2.67 Gy x 15 (total doseof 40.05 Gy). A sequential tumor bed boost of
2 Gy x 8 (total dose of 16 Gy) isrecommended for patients at an ageof 40 years
or younger, and of 2 Gy x 5 (total dose 10 Gy) for women at an age of 450 years
(43, 116118). A regimen of 2.66 Gy x 16 (total doseof 42.56 Gy) is considered as
an equal alternative (119).

Heart doses

In older RT trials, radiation doses to the heart or cardiac substructures were
rarely estimated or published. Taylor et al. from the EBCTCG have done several
studies estimating doses tothe heart and the CAsin multiple RT regimens used
in Swedenfrom the 1950s to the 1990s. The CT scan of one representative wonan
was usedfor reconstru ction of different RT regimens and estimations of dosesto
cardiac structures. The estimated doses depered on technique, beam energy,
laterality of the breast, and tumor dose. The cardiac doses increasedrom the

1950s to the 70sdue to the use of wide Cobalt-60 tangential irradiation and

increasing tumor doses, and then reduced sibstantially during the 1980s and
90s. IMN irradiation contributed to greater MHDs, particularly in left -sided
treatment. Dose estimations to the CAsshowed that the left anterior descending

artery (LAD) received the highest dosesat left-sided irradiation , due to its
proximity t o the left breast and IMC. The LAD dose generally exceededthe MHD.

The right coronary artery (RCA) received low dosesfrom most regimens, except
at right -sided anterior IMN irradiation. The left circumflex artery ( LCX), located
in the posterior part of the heart, generally received lower doses than theLAD
and the RCA(100, 101)

The same research group showed, in women given tangential breast irradiation

using 3DCRT, that the MHD was substantially lower compared to dose
estimations from older RT regimens, decreasing from 13.3 Gy in the 1970s, to4.7
Gy in the 1990s, and to 2.3 Gyin 2006 . Though the mean LAD dosedecreasedin
a similar manner asthe MHD , half of the patients still received doses of#20 Gy
to parts of the LAD (120). In arecently published systematic review of heart
dosesreported in clinical trials during 2003 to 2013 , the averageMHD was
3.8 Gy in left-sided tangential breast irradiation. In regimens including IMN

in left-sided irradiation, the average MDH was approximately 8 Gy (121).
IMRT regimens delivered an average MHD of 5.4 Gy. The lowest cardiac
doses were seenin proton irradiation and in brachytherapy . Breathing
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adaption techniques reduced the average MDH to 1.3 Gy in lefisided
irradiation , in line with other studies on DIBH regimens (103, 121123).

Lung doses

As with cardiac doses,the incidental radiation dose received by thelungs at BC
RT have decreased during the past decades. Estimated average lung dose for

women who were included in BC RT trials and had a subsequentLC event, was
23.0 Gy in the 1950s and reduced to 6.0 Gy in the 1990s (124). A review of
reported lung doses in clinical trials from 2010 to 2015 showed a median

ipsilateral lung dose of 8.4 Gy for the breast and chest wall irradiation, of 11.2 Gy
when the SCL and axillary lymph nodes were included, and of 140 Gy with

additio n of the IMN. Regimens using IMRT techniques delivered the highest lung

doses (125). Breathing adaption techniques significantly r educe the lung doses
(122, 125, 126)

Radiat ion -induced heart disease

Introduction

Radiation-induced heart disease (RIHD) is mainly seen in BC and in Hodgkin
lymphoma but may occur in all other irradiated thoracic tumor s, suchasLC and
oesphageal cancer

In the beginning of the RT era, the heart was considered to be a relatively
radioresistant organ due to its organization of postmitotic myocytes and other
low-proliferative cells, like endothelial cells and connective tissue. The first
indication that the heart was radiosensitive came from experimental studies in
the late 1960s, and fromclinical trials in patients treated with mant le field RT of
Hodgkin lymphoma (127-129). Older mantle fi eld regimens often delivered more
than 40 Gy to large parts of the heart, and the first studies reported a higher
incidence of pericarditis occurring with a mean latency of approximately 1 year.
At long-term follow up, however, studies of Hodgkin lymphoma revealeda higher
incidence of cardiomyopathy and ischemic heart disease (IHD) in patients
receiving RT (130-134). RIHD was long regarded asa deterministic radiation
effect with a clear threshold for cardiac ewvents, and tolerance doses to the whole
heart was estimated of about 40 Gy in 2 Gy fractions (129, 135) This view was
challenged when long-term follow -up analysis of Japanese atomic bomb
survivors showed an increase inischemic heart disease(IHD) after low radiation
dose exposure.The mort ality in myocardial infarction was significantly higher in

people receiving single doses of 1-2 Gy, with a latency of up to 40 years. A linear
dose-response relationship was seenbetween cardiac dose and excessrelative
risk of mortality (136-138). Similar findings were seen in patients irradiated for
peptic ulcers in the 1930s to the 1%60s, with significantly increased risk of



coronary heart disease ataverageheart dosesof 2.8 Gy. These patients received
substantially higher doses in limited volume s of the heart (< 5 %), indicating that
a localized injury to the CAs may be the causeof radiation -induced IHD rather
than low scattered doses to larger heart volumes(139). The last decade several
studies in BC and Hodgkin lymphoma have shown an excess riskof IHD in
irradiated patients and findings of CA stenosis in high doseregions of the heart,
strengthening this conclusion (109, 140-142).

RIHD include pathological expressions in all structures of the heart (129). The
pathophysiology is multifactorial and include s inflammatory reactions and
fibrosis (143-145). High radiation doses to the pericardium can cause acute
pericarditis with effusion, and delayed pericardial fibrosis causing constictive
pericarditis (143, 146) Irr adiation to the valves may cause fibrosis and
calcifications, leading to stenosis and insufficiencies (147, 148)

The myocardium can be affected by CAdamageand decreased bloodsupport, and
by microangiopathy leading to fibrosis and eventually heart failure (149-151)
Microangiopathy is mediated by injury to the endothelial cells of the capillaries,
leading to an acute inflammatory reaction and activation of the coagulation
mechanism, causing thrombosis and microvascular ruptures (150). Progressive
obstruction of myocardial capillary lumen and destruction of the microvascular
network subsequently lead to ischemiaand cell death. In the late phase the
myocytes are replaced byfibrotic tissue (129, 149, 150) Damage to myocytes
involved with conduction may lead to arrhythmia s (143). Radiation-induced CA
disease doexot differ morphologically from age-related arteriosclerosis but may
occur at younger age and in patients without other risk factors for IHD (109, 152
154). Radiation can trigger the arteriosclerotic process by stimulating an
inflammatory cascade finally leading to formation of arteriosclerotic plaques,
that may fissure and cause thr ombosis or reduction of the arterial lumen (129,
151, 155, 156)

Breast cancer and  radiation -induced heart disease

The importance of long-term cardiac toxicity in adjuvant BC RT was not fully
recognized until the 1990s, when several randomized RT trials and large meta-
analyses addressed tlis problem (97, 98, 157160). The EBCTCGmeta-analyses
published in 1995 and 2000 showed an increasedcardiovascular mortality tha t
almost completely outweighed the survival benefits of RT (97, 98). In the
following years, several studiescomparing left-sided RT to right-sided RT were
published, showing an increased mortality from myocardial infarction in women
irradiated for left -sided BC(161-167). The excessrisk was evident within 10 years
from RT and increased progressively over time (162, 165) Most of these women
were treated with older RT regimens in the 1970s and 1980s, and studies
concerning cardiovascular mortality in more contemporary RT regimens have
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shown conflicting results (166, 168171) The follow-up may still be too short
though, considering the latency of radiation -induced IHD (172). Increasing
awareness of longterm cardiac toxicity and the development of radiation
techniques that considerably reduced the cardiac doses have likely contributed
to a decrease in cardiovascular mortality. The incidence of IHD and cardiac
mortality have decreasedin the general population during the last decades due
to improve ments in treatments of heart diseases and changes in life-style factors,
e.g smoking prevalence which may contribute to a decreasein RIHD as well (173
176). A large population-based study by McGaleet al. published in 2011 in
patients given with RT between 19772001, showed no significant difference in
IHD mortality between women reveiving left-sided RT and right-sided RT.
Regarding cardiac morbidity, however, statistically significant increased
incidence ratios of 1.22 for myocardial infarction , 1.25 for angina pectoris, 1.61 for
pericarditis, and 1.54 for valvular disease were seen invomen receiving left-sided
RT compared to women receiving right -sided RT. The incidence ratios were even
higher in women diagnosed with IHD prior to RT (109). The cohort was stratified
by year of diagnosis,and incidence ratios were as high for women treated after
1990, as for women treated before(109).

As described in the dosimetric studies by Taylor et al, the cardiac doses have
decreasedsubstantially during the last decades. Nevertheless, the dose exposure
to the anterior parts of the heart, including the LAD, may still be high, especially
in left-sided irradiation (100-102, 120). Several dudies using cardiac single-

photon emission computed tomography (SPECT),have shown perfusion defects
in the anterolateral and apical parts of the left ventricle in patients receiving left-

sided tangential irradiation . The findings were observed within the first years

from irradiation , and appeared tobe correlated to the degree ofcardiac radiation,

with a clear dose/volume relationship (177-180). Consistent with these studies,
Correa et al showed a higher prevalence of stressabnormalities in patients

treated with left-sided RT compared to right-sided RT. Out of 14 patients who

were referred for coronary angiography, 13 were treated with left-sided
irradiation , and 11 of them had coronary stenoses located in the LAD (140).

Nilsson et al. investigated the correlation between RT and the locations of
coronary stenoses in 199 women irradiated for BC from 1970-2003, who were
subsequently referred for coronary angiography (141). An increase in clinically

significant stenoses were seenin women irradiated for left-sided BC, and an
association was seenbetween left-sided irradiation and stenosis in a predefined

hotspot area corresponding to the mid, distal, and distal diagonal branch of LAD

(141).

The studies of the atomic bomb survivors and the US peptic ulcer study could
show adose-response relationship betweenradiation dose and radiation -induced
coronary disease (136-139). The need to establish reliable dose-response
relationship s for radiation -induced cardiac eventsin order to predict long-term



toxicity and further tailor treatments accordingly, has been widely acknowledged.
Darby et al. conducted a study in women treated for BC 1958 to 2001, and who
subsequently were diagnosed with a major coronary event (111) The study
included 963 women with major coronary events and 1205 controls.Most of these
women were treated before CTFbasedRT planning was introduced and individual
data on cardiac doses where not availablehence radiation doses to the heart and
the LAD were estimated based on reconstructions ofthe actual regimens. The risk
of major coronary events increased linearly with the MHD with 7.4 % per Gy
without an apparent threshold. The estimated dose to the LAD did not improve
the prediction of coronary events (111) In a recently published study by the same
group, 183 women treated for BC treated during 1970-2001, and subsequently
diagnosed with acute myocardial infarction, were studied in a case-control study
design (181). The MDH was estimated based on reconstructions in the same
manner as the previous study. A linear dose-response relationship of 6.4 % per
Gy was estimated between MHD and the risk of developing myocardial infarction
(181). The lack of individual CT-based information was considered as dimitation
with the se studies, since inter-patient variations in anatomy and patient
treatment position may affect the doseestimations, especially for structures close
to the treatment field (101, 111, 182, 183)Iwo studies in patients receiving more
contemporary 3DCRT have been published recently(184). In a study by van den
Bogaard et al, 930 women treated for BC from 2005 to 2008 were studied. Out
of these, 30 patients were diagnosed with an acute coronary eventat a median
follow-up of 7.6 years A significant doseresponse relationship between MDH
and acute coronary events was seenwith an increase of 16.5 %per Gy, but an
even stronger association was seen between LW5 (i.e. the volume of the left
ventricle receiving more than 5 Gy) and acute coronary events(184). In a case
control study by Moignier et al. in patients treated with 3DCRT for mediastinal
Hodgkin lymphoma from 2000 to 2008, 12 patients were diagnosed with
coronary stenosis on coronary CT angiography (142). A statistically significant
dose-response relationship of 4.9 % per Gywas seen letween dose to the LAD
and coronary stenosis (142). To conclude, there are limited data based on
patientsOGndividual RT plans, and still some uncertainties weather the MHD, dose
to the left ventricle, or dose to the LAD is the best predictor of radiation -induced
coronary events (112)

All target and OAR dose estimationsin 3DCRT are based on delineation of these
structures in the patients« planning -CT scans Delineation consistencyis crucial,
asall treatment planning decisions are based on these volumeg185). Validated
CT-basedcardiac contouring atlasesfor the substructures of the heart have been
developed and shown to significantly improve delin eation accuracy (186, 187)
Reproducibility of CA delineation based onthese guidelines have been studied
and regarded as reliable(186-188).
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The absoluterisk of radiation -induced cardiac mortality in contemporary RT has
been estimated in a re@ntly published study by Taylor et al. (124). The excess risk
rate per Gy was estimated in women treated in clinical trials randomizing
between RT or no RT before 2000, basedon cardiac dosereconstructions from
the RT regimens used, and the incidence of subsequentcardiac-related mortality
in these women. The excess risk rate was thencombined with cardiac doses
reported for RT regimens during 2010 to 2015 and applied to current mortality
rates for smokers and non-smokers in the general population . An absolute risk of
0.3 % for non-smokers, and of 1 % for smokerswas estimated for cardiac
mortality (124).

Many women receive adjuvant chemotherapy, endocrine therapy and HER2-
targeted therapies in addition to RT. Anthracyclines and trastuzumab are
associated with cardiomyopathy and congestive heart failure (11, 82, 189191)
Tamoxifen, on the other hand, is associated wth alower risk of cardiac death (11)
Two recently published studies indicate that anthracyclines in combination with

RT increases the risk of subsequentHD , especially when the IMN are included
in the RT regimens (110, 19).

Hear t-sparing techniques

Breathing adaption radiation techniques substantially reduce the cardiac doses
and are widely introduced in Sweden (103, 121) Regimens using protons have
shown to reduce cardiac doses even further but the accesss limited for most RT
departments (121) Alternative patient posit ioning may also reducecardiac doses
Prone position has shown to reduce MDH, especially in women with large
pendulous breasts (121, 193) Omitting RT after BCS is an alternative in seleced
women. In two recently published studies, low risk of local recurrences and no
impact on OS was seenin women older than 60-65 years with low risk tumors ,
who received endocrine therapy without RT (194, 195) Another option for these
patients is partial breast irradiation, regimens that also have shown to reduce
cardiac doses(196). Choosing mastectomy before BCS is an alternative in women
with current IHD or with risk factors for IHD , or in women with unfavorable
anatomy. This is generally an option when locoregional RT is not planned, i.e.
mainly in women with lymph node-negative disease

Radiation -induced lung disease

Introduction

Radiation-induced lung diseaseis seen in patients treated for BC and thoracic
tumors, mainly lung cancer (LC) and Hodgkin lymphoma (197). Radiation-
induced lung diseaseincludes acute pneumonitis, chronic pulmonary fibrosis,
and radiation -induced LC. Radiation-induced pneumonitis occurs within 6



months from irradiation , in most cases within 12 weeks, andtypically respond
well to corticosteroids. The most common symptoms are dyspneaand cough, and
may be difficult to distinguish from infections or symptoms related to the
underlying cancer disease (197, 198) The pathophysiology includes damage to
pneumocytes and endothelial cells, leading to an immune response (199, 200).
This reaction is dose-dependent and is typically seenwithin the radiat ion field,
but may affect lung tissue outside the radiation field due to the inflammatory
response(201-203). Radiation-induced pneumonitis is atransient condition that
will heal completely for the majority of pati ents but may occasionally develop into
chronic fibrosis. The pathophysiology of chronic fibrosis is described as a
pathological repair following acute pneumonitis, with stimulation of fibroblasts
leading to increased collagensynthesis and reduced lung elasticity (204, 205).
Clinically significant r adiation -induced pulmonary fibrosis is typically diagnosed
months to yearsfollowing irradiation, and manifests as progressive dyspneaand
pulmonary insufficiency with rad iological findings of tissue sarring (206, 207).
Radiation-induced LC is generally a late event, often occurring more than 5-10
yearsafter irradiation (162, 208).

The incid ence ofradiation -induced lung diseaseis highly correlated to radiation
dose and volume of the radiation field and may also be modified by individual
pre-existing risk factors. Autoimmune diseases, chronic obstructive pulmonary
disease interstitia | lung disease, andhistory of smoking are associated with an
increased risk of radiation-induced lung disease (209-211) Induction or
concurrent chemotherapy increases the risk, and may also cause raditon recall
pneumonitis, secondary to drug administration (212, 213)

Breast cancer and  radiation -induced primary lung cancer

There are several BC studies showing an increase in primary LC after BC
diagnosis at long-term follow -up (214-218). Radiation-induced malignancies
generally are late eventsand long follow -up is required to detect any increase in
incidence. Most published studies include women given older RT regimens used
in the 1970s and 80s. The EBCTCG metaanalysis from 2005, which included

randomized RT trials that started before 1985 showed a significant increase in

LC after BC diagnosiswith a RR of 1.78 (39). In line with th ese resuts, several
large epidemiological studies of women treated from the 1960s to the early 2000s

show a significant risk of primary LC in women with BC receiving adjuvant RT.

The risk progressed over time and became evident at follow-up of more than 5

years, peaking at 10 to 15 yearsfollowing irradi ation (208, 214, 219-221). In a

systematic review and meta-analysis of population-based studies by Grantzau et
al. from 2016, statistically significant increased standardized incidence ratios of

1.21, 1.58, ad 1.91 were seen at # 5 years, #10 years,and # 15 years from
irradiation (208) Few studies have reportedrisk of primary LC after BC diagnosis
restricted to patients treated in the 1990s and 2000s with more conte mporary RT
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regimens. Some of thesehave shown an increased risk of primary LC after BC
diagnosis comparative to the previous studies (222-225).

The ipsilateral lung is exposed to considerably higher radiation doses compared
to the contralateral lung at BC RT (125). Some studies show a higher risk of
primary ipsilateral LC after BC RT compared to primary contralateral LC (162,
214). still, other studies have shown a higher risk of contralateral primary LC
after BC RT as well, though smaller than the risk of ipsilateral primary LC, when
women with BC were compared to the general population (219, 226).

Tobacco snoking is a major risk factor for LC and some studies have shown a
strong interaction between BC RT and smoking, in risk of radiation -induced
primary LC (227-229). Taylor et al. estimated the absolute risk of radiation -
induced LC in contemporary BC RT based onincidence of LC reported in older
RT trials, lung dosesreported in RT trials published during 2010 to 2015, and LC
mortality rates for smokers and non-smokers in the general population. For a
50-year old smoker receiving a mean lung dose of 5 Gy, an absolw increase in
risk of radiation -induced lung cancer of 4 % at the age of 80 was estimated, and
for a non-smoker an absolute increase inrisk of 0.3 % was estimated (124).
Smoking cessationgreatly reduces the risk of LC(230, 231), and quit smoking at
time of irradiation would likely reduce the risk of radiation-induced LC
substantially.



Aims of thesis

Overall aim
To study long-term side effects of adjuvant radiotherapy in breast cancer.

Specific aim s

Paper |
To examine the reproducibility of delineating the coronary arteries in patients O
planning -CTs at 3DCRT planning in breast cancer

Paper I

To assessa doseresponse relationship between radiation dose to coronary
arteries and subsequent clinically relevant coronary artery stenosis in adjuvant
radiotherapy for breast cancer.

Paper il
To examine the risk of ischemic heart diseasein women receiving adjuvant
radiotherapy for breast cancer.

Paper IV
To examine the risk of primary lung cancer in women receiving adjuvant
radiotherapy for breast cancer.
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Materials and Methods

Data sources

The Swedish Cancer Register

Physicians and pathologists are required to report all new cases of malignant
diseases to theSwedsh Cancer Register.The register was founded in 1958 and
covers the whole Swedish population. The register camprises patient data,
medical dataincluding information o n diagnosis, SNOMED tumor morphological
codes (from 2005 and onwards) , International Classification of Diseases (ICD)
codes, basis ofdiagnosis, and follow-up data (date and cause of death date of
migration ) (232, 233).

The regional BCregisters and INCA

The regional registers in Stockholm, Uppsala-...rebro and the Notthern health
care regions were started in the late 1970s and fully implemented in 1992. In
2008 a national BCregister, INCA, was established andreplaced the regional BC
registers. The registers are linked to the Swedish Cancer Register andhave a
capture rate of more than 99 % of newly diagnosed breast malignarcies. The
INCA include multiple variables concerning diagnosis, lead times, cancer
treatments, and recurrences (234, 235).

The Cause of DeathRegister

The SwedishCause of Death Register contains data from 1961 and include data
on date and place of death, underlying cause of death contributing cause(s) of
death, and information whether the cause of death wasdetermined based on
examinations before death, or on autopsy (236)

The National Patient Register

The National Patient Register (NPR) contains records of all hospital discharges
in Sweden since 1987 The register contains information on main diagnosis and
up to eight secondary diagnoses, and since2001 it also contains hospital out-
patient care (237, 238).

Longitudinal Integration Database for Health Insurance and Labo r Market
Studies (LISA)

LISA integrates data from the labor market, and the educational and social
sectors, and includes all individuals of 16 years and older. The register includes
data on socioecaomic variables, such as place of recidence employment,
income, highest level of education, and marital status (239).

21



Breast Cancer Database Sweden (BBaSe)

The BC registries in Stockholm, Uppsala-...rebro, and the Northern health care
regions (the regional BC registersfrom 1992 to 2007, and INCA from 2008 to
2012) have been merged bgether andlinked to a number of national p opulation -
based registries A comparison cohort of women without BC diagnosis in a ratio
of 1:5 was added. The comparison women were matched by year of birth and
county of residence and were eligible if they were not diagnosed with BC at the
end of the year of BC diagnosis of the index case The women of the comparison
cohort were allowed to become BC cases if diagnosed with BC during the study
period. The BCB&5e consists 0f68089 women diagnosed with BC during 1992 to
2012, and 340352 women in the comparison cohort.

Swedish Coronary Angiography and Angioplasty Register (SCAAR)

The SCAAR isa part of the nationwide Swedish cardiac register SWEDEHEART
and contains information on all patients who are referred to angiography and
angioplasty. The register comprises information on baseline characteristics,
detailed descriptions of angiographic findings, procedures, type of stenosis and
stent, antithrombotic therapies , and complications. SCAARwas formed 1998 by
a merge ofa national angioplasty register and a coronary angiography register,
which had beenstarted in the early 1990s (240, 241).

Methods

In paper I and Il , women irradiated for BC during 1992 to 2012, and
subsequently referred to coronary angiography, were studied. To identify this

cohort, the regional BC registers in the health care regions of Stockholm,
Uppsala-...rebrg and the Northern region, were link ed to SCAAR Only women
receiving 3DCRT and for whom the original RT plan wasavailable, were included
in the analyses and women with bilat eral BC or with coronary events registered
before irradiation were excluded. Clinicopathological information was obtained

from the BC registers, and information concerning targets, total radiation dose
and fractionation was retrieved from the individual RT charts. Information on

type of coronary investigation (only angiography or interv ention), location and
type of coronary intervention , body mass index (BMI), and smoking status was
obtained from the SCAAR

A total of 872 women were identified through the linkage of the registers, and out
of these, 602 patients received adjuvant RT. A total of 312 patients were excluded
due to lack of a full 3D representation of the RT plan or due to technical issuesin

retrieving back RT plans from archives. Furthermore, 8 5 patients were excluded
due to missing RT plans. Eight patients were excluded due to bilateral BC, and 15
patients due to a SCAAR entry before RTFinally, this left 182 women in the study

base.
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Paper | was a reproducibility study aiming to examine the inter-observer
variation in delineation of the CAsin CT scans usedfor 3DCRT planning. The
spatial inter -observer variation and the variance in estimated radiation doses
were examined.

All women treated at one ofthe participati ng RT departments, the Department of
Oncology at the hospital of GSue, were selected from the larger cohort, which
generated 32 eligible women. The CAswere delineated in the patientsGndividual
planning CTs by three oncologists, independently of each other. A validated CT-
based heat atlas by Feng et al (186) was used asa guideline, and the left main
coronary artery (LMCA), the LAD, and the RCAwere delineated. The LAD and
the RCA were divided into segments corresponding to the proximal, mi d, and
distal parts of the arteries. Contouring was attempted in each CT slice In case
there were difficult ies visualizing the arteries, anatomical landmarks such as the
left interventricular, left atrioventricular, and the right atrioventricular grooves
were followed, and the interpolation function in the target planning system was
used. Contouring was performed by hand with either a minimum brush of 4 mm
or with the point -to-point tool and was adjusted to encompass the arteries with a
diameter of about 4 to 6 mm. No extra margin was added to the contours.

For reconstructions of radiation dose to the CAs, the dosedistribution sfrom the
original treatment plans were used and all dose estimation was done in the
Eclipse” treatment planning system (Varian Me dical Systems Inc., Palo Alto,
California USA) using the Analytical Anisotropic Algorithm (AAA ). Patients
treated from 1997 to 2005 were originally planned with the older system TMS”
(Helax AB, Uppsala, Sweden) and their treatment plans and CT scans were
imported to the Eclipse system for delineation and dose calculation.

In paper Il , a caseonly study of the 182 patients from the larger study cohort
was corducted, in order to examine any relationship between radiation dose and
a later coronary stenosis. Segment-wise analyses were performed toassess the
risk of developing a coronary stenosis that required an intervention at a certain
radiation dose. Segments receivingradiation doses < 1Gy were used as reference.

To reconstruct radiation doses delivered to the CAs, theoriginal planning -CT and
delivered treatment plan were retrieved for each patient in the local treatment
planning system (TPS) of the department. For all patients, the whole heart, the
proximal, mid and distal RCA, the LMCA, the proximal, mid , and distal LAD, and
the proximal LCX were contoured in the patientsOplanning CTs by one of the
authors (AKW). The contouring was performed in the same manner as in paper |
(the CAs are schematically illustrated in Figure 2). Doses tothe heart and CAs
wererecalculated for each individual patient using the original dose distributions ,
and the treatm ent plans were recalculatedwith the original accelerator and beam
model, whenever possible If the beam data was not available, the plans were
recalculated with newer accelerators and beam models similar to the original, in
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order to receive a high agreement between the recalculated dose distributions to
the CAs and the original dose given. Forpatients receiving boost fields, the boost
dose was included in thedose calculations.The TPS usedn the study were TMS”
(Helax AB, Sweden), Oncentra” (Elekta, Sweden), and Eclipse” (Varian
Medical Systems Inc., USA).Depending on the local practice of the departments,
three different dose calculation algorithms were used: The Pencil Beam (PB)
(TMS™ and Oncentra”), the Collapsed Cone (CC) (Oncentra”), or the AAA
(Eclipse™). In order to estimate any difference in dose estimation to the CAs
between the PB and the CC algorithms, the RT plans of two patients in the present
study with right -sided and left-sided RT, respectively, were recalculated with
both algorithms. From the recalculated treatment plans, dose-volume histograms
were generaied for the whole heart and the CAs. Mean, median, and maximum
radiation doses were detamined for the heart and for the CAs in each patientOs
individual treatment plan. The maximum dose was defined as the dose to the
single calculation point receiving the highest dose.

Distal RCA

Qv |easie

Figure 2. The coronary arteries . Theright corona ry artery (RCA), the left main
coronary artery (LMCA), the left anterior descending artery (LAD), and the left
circumflex artery ( LCX).

In paper Il and paper 1V, the BCBaSe cohort was used to studylong-term side
effects of adjuvantRT. In paper Ill, the incidence of IHD was asessed in women
with invasive BC, and in the comparison women without BC diagnosis. Analyses
were performed by comparing women with BC to women without BC diagnosis,
and by comparing women with left-sided BC to women with right -sided BC. IHD

was defined acording to the ICD 9t edition codes 410-414 or ICD-10 codes 120-
125, that include angina pectoris, acute myocardial infarction, complications due
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to myocardial infarction, and chronic IHD . Women with metastatic disease at the
time of BC diagnosis were exluded, and in analyses concerning laterality, women
with bilateral BC or with unknown BC laterality were excluded. In paper IV , the
incidence of primary LC after BC diagnosis was assessed in women withBC, and
primary LC in women without BC diagnosis. Analyses were performed by
comparing women with BC and women without BC diagnosis, and by stratifying

on laterality of LC. LC was identified in the Swedish Cancer Register, defined
according to the ICD 9th edition codes 162.0-162.9 or ICD-10 codes C34.034.9
and was categorized into four groups based on LC histology;adenocarcinoma,
squamous cell cancer,small cell lung cancer, and others (SNOMED codeslisted
in Table A-1). Women with metastatic disease at the time of BC diagnosis a
contralateral BC during fol low-up, or with a history of another malignancy were
excluded. For the Northern region, only women treated between 200 7 and 2012
were included, due to inconsistencies concerning registration in the regional BC
register prior to 200 7. In analyses concerninglaterality, women with bilateral BC
or with unknown BC laterality were excluded.

Statistical methods

Paper |

Evaluation of inter -observer variation in spatial distance

In order to evaluate the spatial variation, the x-, y-, and zcoordinates of the
center of the arteries LMCA-LAD and RCA were determined for each of the 96
combinations of the 32 patients and the three oncologists. The CT-slices
determined the z-coordinate, whereas the x and y-coordinates were determined
using the centers of mass of the cortoured area. For the sections of the arteries
running in the same plane as the CT slices, the artery cen¢r point was determined
as a weighted average of the cerdrs of mass of the contoured areas. The weights
were proportional to the contour ed areas. Byapplying this procedure, sequences
of n coordinates {(x1, y1.21), (X2, Y2, 22),E,(X n, Yn, Zn)} Were retrieved, one sequence
for LMCA-LAD and one for RCA for each combination of woman and contouring
oncologist. The size ofn varied depending on artery, woman, the number of CT
slices, and contouring oncologist. Each sequence of points vas joined by a
straight line to form a three -dimensional curve representing the midpoint of the
artery. Figure 3 A illustrates the plotted artery curves for the three oncologists in
a CT-scan of a representative woman. To measure the spatial difference in mm
between the different curves, a three-step procedure was applied to each of the
studied patients. At first , the start- and end-points of the curves were determined
(Figure 3 B). The choice of start-point (one point fo r each of the three curves) was
determined by comparing the results from three potential alternatives. Firstly,
the point selected by oncologist A was used, denoted star{, and the distance to
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the points on the curves B and G with the shortest distance to starta, measured.
For oncologist B and C similarly the closest points between the start points, starts
and startc, were measured respectively, and the curves depicted by the two others.
The final choice was the one that minimized the distance between the three
points. The ending points were selected in a similar manner. Finally, the six
curves were subdivided into 1001 equidistant points. The distance between these
points were determined for each pair of radiati on oncologists. The variation in
distances betwveen the 32 patients was displayed by calculating the median, 2%,
and 75h percentiles.
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Figure 3. CT-scan of a representative patient, in which the three different
oncologists.MCA-LAD and RCA-curves are plotted (A). The definition of the
start - and end- points of the curves (B). The right coronary artery (RCA), the
left main coronary artery (LMCA) and the left anterior descending artery
(LAD).
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Evaluation of inter/in tra -study subjects dose estimates

LMCA-LAD and RCA weredivided into a proximal, mid, and distal segment. For
each segment, the variance in estimated doses was calculated, depending of the
variance between oncologists, the variance within study subjects, and the
variance between the 32 study suljects. The intraclass correlation coefficient
(ICC) was derived as a measurement ohgreement between observersA value of
ICC=1.0 would indicate that the difference between the doses only would be due
to the inter-patient variation and a value of ICC=0 would indicate that the
difference would only be due to variation between the contouring oncologists. ICC
was derived for both mean and maximum doses and separate analyses for a
subgroup consisting of 22 study subjects with CT slice thickness of 5 mm or less
were also performed.

Paper Il

The distributions of radiation dose exposures in all women were summarized in
proportions and in descriptive statistics using minimum, first quartile (Q1),
median, third quartile (Q3), and maximum.

In coronary segment speific analyses, the relation between radiation dose and
coronary intervention (yes/no) was compared using logistic regression. To
account for the elapsed time since the RT, this time was defined segmemnwise. In
case of an intervention, the elapsed treatment time was calculated from RT start
to date of intervention as recorded in SCAAR. If no intervention was recorded,
the elapsed treatment time was calculated from start of RT to last day of follow-
up (23rd August 2016) or date of death, whichever came fird. Due to the caseonly
study design, the elapsed treatment time cannot be used directly in the logistic
regression as it relates to the outcome in a censoring like manner.Therefore, an
actuarial approach to the issue was applied and theelapsed treatment time was
split in four -week periods. The data was thentransferred to long format based on
the actuarial four -week periods, and logistic regression analyses were performed.

Odds ratios (OR) of coronary intervention by each coronary segment were
estimated. The ORs correspond to the relative risk of receiving £gment-specific
interventions comparing different doses. Models using dose as a continuous
variable (trend test) but also models where the dose was discreteed into
categories were performed. For theproximal, mid, and distal RCA, the LMCA, the
proximal LA D, and the LCX, cut-offs for the lowest category were chosen as the
integer value closes to the median, which represented 1 Gyln the mid and distal
LAD, the cut-offs were chosen according to the 40" and 80t percentile, which
represented 1 and 20 Gy, raspectively, and for the mid LAD the 70t percentile,
representing 5 Gy, was also used as cubff. Doses in the lowest range were
defined as references. The model was adjusted for age (continuous) angear of
BC diagnosis (continuous), year of registration in SCAAR (continuous),
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endocrine therapy (yes/no), chemotherapy (yes/no), BMI (five categories), and
smoking status (three categories). The same adjustments were included in
models used to assess theisk in relation to time and the combination of time and
dose.

All analyses were performed using the statistical software R(242)

Paper llI

The women with BC were followed from date of BC diagnosis (i.e. date of
inclusion) to date of first IHD event registered in the NPR after inclusion, death,
migration, or at end of follow -up (31st of December 2013), whichevercame first.
For women without BC at study inclusion an additional end of follow -up was
defined if later on diagnosed with BC.

To estimate risk of IHD, Cox proportional hazard regression analyses were
performed, using age as time scale. The risk of IHD wasexamined by comparing

women with BC to women without BC, and by comparing women receiving left-

sided RT to right-sided RT. The analyses were stratified for type of surgery, RT,
endocrine therapy, chemotherapy, and treatment with trastuzumab. The RT was
also stratified based on the pathological lymph node status recorded in the BC
registries. According to the Regional BC treatment guidelines during the study

period women with no lymph node metastases were likely to receive RT to the
breast or chest wall alone, and women with four or more positive lymph nodes
were likely to receive loco-regional RT. The Regional BC treatment guidelines

concerning RT in women with 1-3 positive lymph nodes varied over time and

between the different health care regions included. Women with bilateral BC and

women with unknown BC laterality were excluded in all analyses regarding risk

of IHD by laterality. Analyses concerning trastuzumab included only women with

BC diagnosed from the year 2005.

The analyses were adjusted for numberof previous IHD events, time since last
IHD event, educational level (low: <10 years mandatory school, intermediate:
10P12 years high school, and high: university or college), and non-cardiac
comorbidity . Non-cardiac comorbidity was defined asthe Charlson Comorbidity
Index (CCI) with IHD diagnoses removed. CCl categorizescomorbidity into three
levels: CCI 0 (no comorbidity), CCl 1 (mild comorbidity), and CCIl 2 (severe
comorbidity) (243).

Cumulative incidence of IHD was calculated by the KaplanMeier method,
separately for all women with BC, women with BC receiving left-sided RT, right-
sided RT, or no RT, and for the women without BC.

Analyses were performed using the statistical software R(242).
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Paper IV

The women were followed from date ofinclusion to date of LC, death, emigration,
or end of follow-up (31st of Decembe 2013), whichever came first, censoring for
death without previous LC, emigration, and end of follow -up.

Cumulative incidence of LC was calculated by the KaplanMeier method for
women with BC and for the women without BC diagnosis. To illustrate the
subtypes of LC, a left truncation on December the 31st 2004 was performed due
to the start of SNOMED registration. Stacked cumulative incidences of subtypes
of LC were used where the different subtypes of LC were considered as competing
events.

To calculate risk of LC, Cox proportional hazard regression analyses were
performed. Analyses were performed separately conditioned on 5, 7.5, 10, 12.5,
and 15year eventfree survival of the BC index case and were restricted to women
with BC who underwent BC surgery and their corresponding women without BC
diagnosis. The analyses were stratified for RT, pathological lymph node stage,
endocrine therapy, chemotherapy, and of BC tumor characteristics including ER
and PR status. The analyses were adjusted forage, educatianal level. Chronic
Pulmonary Disease (CPD), and CCIl except CPD. A separate analysis was
performed in women with CPD, adjusted for age, educational level, and CCI
except CPD. To calculate risk of ipsilateral and contralateral LC, Cox proportional
hazard regression analyses were performed.BC laterality for the comparison
women was inherited from their corresponding women with BC. Women with
bilateral BC and their five comparison women were excluded. The laterality
analyses were censored for LC with unknown hterality. In analyses of ipsilateral
LC, contralateral LC was censored and vice versa for the analyses of contralateral
LC.

To assesd C-specific survival, Kaplan-Meier analyses were performed separately
for women diagnosed with LC within or after the fir st year from BC diagnosis.
Women diagnosed with LC were followed from date of LC-diagnosis to date of
death or end of follow up. In this analysis death from other causes was censored
and death with LC as the main cause of death was considered an event.

All analyses were rformed using the statistical software R (242).
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Results

Paper |

Patient characteristics of the 32 women included are shown in Table 3. The
majority of the patients had tumors less than 20 mm, without lymph node
metastases and were treated with BCS and RT to the breastwith a fractionation
of 2 Gy x 25

Table 3: Patient characteristics by lateral ity of the tumor.

Right -sided BC Left -sided BC All BC
(n=13) (n=19) (n=32)

Year of BC diagnosis, n (%)
1997-2001 6 (46) 4 (21) 10 (31)
2002-2007 4 (31) 7 (37) 11 (34)
2008-2012 3 (23) 8 (42) 11 (34)
Age at BC diagnosis, n (%)
40-49 yrs 2 (15) 2 (10) 4 (13)
50-59 yrs 4 (31) 2 (10) 6 (19)
60-69 yrs 6 (46) 6 (32) 12 (37)
70-79 yrs 1 (8) 6 (32) 7 (22)
80-83 yrs 0 (0) 3 (16) 3 9)
Mode of detection, n (%)
Clinically detected 1 (8) 7 37) 8 (25)
Screening detected 12 (92) 12 (63) 24 (75)
Cancer type, n (%)
In situ 1 (8) 2 (10) 3 9)
Invasive 12 (92) 17 (90) 29 (91)
Tumor size, n (%)
! 20 mm 13 (100) 13 (68) 26 (81)
21-50 mm 0 (0) 4 (21) 4 (13)
I1"#1$$ | 0 0) 2 (11) 2 (6)
N-stage, n (%)
NO 8 (62) 15 (79) 23 (72)
N+ 2 (15) 1 (5) 3 9)
NX/Missing 3 (23) 3 (15) 6 (19)
Grade, n (%)
1 4 (31) 2 (11) 6 (19)
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2 7 (54) 12 (63) 19 (59)
3 0 (0) 3 (16) 3 9
(15) 2 (11) 4 (13)

N

Missing

Type of surgery, n (%)
BCS 13 (100.0) 14 (74) 27 (84)
Mastectomy 0 0) 5 (26) 5 (16)
Endocrine therapy, n (%)
Endocrine therapy 2 (15) 12 (63) 14 (44)
No endocrine therapy 11 (85) 7 37) 18 (56)
Chemotherapy, n (%)

Chemotherapy 1 (8) 4 (21) 5 (16)
No Chemotherapy 12 (92) 15 (79) 27 (84)
CT-scan sli ce thickness , n

(%)

2mm 1 (8) 3 (16) 4 (13)
2.5 mm 3 (23) 6 (32) 9 (28)
5mm 3 (23) 6 (32) 9 (28)
10 mm 5 (38) 4 (21) 9 (28)
15 mm 1 (8) 0 (0) 1 (3)
Target, n (%)

Breast 12 (92) 12 (63) 24 (75)
Breast + reg LN 1 (8) 1 5) 2 (6)
Breast + reg LN + IMC 0 0) 1 5) 1 3)
Chest wall + reg LN 0 0) 4 (21) 4 (13)
Chest wall + reg LN + IMC 0 0) 1 5) 1 3)
Fractionation , n (%)

2Gyx25 9 (69) 19 (100) 28 (88)
2 Gy x 27 2 (15) 0 (0) 2 (6)
2.67Gyx 15 1 (8) 0 (0) 1 (3)
2 Gy x 25+ boost 2 Gy x 8 1 (8) 0 0) 1 3)

Breast cancer (BC), number (n), years (yrs), breast conserving surgery (BCS),
regional lymph nodes i.e; axillar y and supraclavicular lymph nodes (reg LN),
internal m ammary chain (IMC), Gray (Gy).
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I nterobserver variati on in spatial distance

The distance in mm between the ceners of the delineated arteries in each CT slice
following the arteries from the origin at the root of the aorta to the most distal
segment is shown in Figure 4. The figure present results for the 22 patients with
CT slices of 5 mm or less since CT slices of5 mm or less was considered to be
more applicable to modern RT techniques. The three different combinations, i.e:
radiation oncologists A vs. B, Avs. C, and B vs. C, are shown fdRCA and LMCA-
LAD, respectively. For the RCA, the median distance between tle center points
varies from 2 to 8 mm and the greatest differences were seen in the mid and distal
parts of the artery. For the LMCA-LAD, the median distance varies from 1 to 4
mm with the greatest differences in the mid and distal LAD. The results were
similar when patients with CT slices from 10-15 mm were included.
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Figure 4: The variation in distances between the centers of the arteries
delineated by the three radiation oncologist s for the 22 women with CT slice
thickness of 5 mm or less. The 25th percatile, the median and the 75th
percentile are shown. The right coronary artery (RCA), and the left anterior
descending artery (LAD). !
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Varia tion in estimated doses

The variation of estimated mean doses to the arteries is shown in Table4, and in
Table A-2 for maximum doses. The estimated radiation doses in right-sided and
left-sided BC are shown separately due to large differencebetween right-sided
and left-sided RTin dose in some parts of the arteries. The doses in RCA were low
with mean doses varying from 0.2 to 4.3 Gy, and maximum doses varying from
0.2t0 9.1 Gy, with the highest doses seen in the mid RCA of rightsided RT. In the
LMCA-LAD the mean dose varied from 0.0 to 50.4 Gy, and the maximum dose
varied from 0.1 to 51.3 Gy. The highest doses were seen in the mid and distal LAD
in left-sided RT. The ICC varied from 0.73 to 0.99 indicating that most of the
variation in estimated doses can be explained by differences between stdy
subjects rather than the contouring radiation oncologists . The ICCwas presented
for the whole cohort and for the patients with CT slice thi ckness of 5 mm or less
separately.

Table 4. 'Range of minimum, median and maximum of mean radiation dose

in Gy by laterality of BC for the segments of the coronary arteries, wit h ICC for
the three different radiation oncologists: A, B, and C. The ICC for a subgroup
consisting of patients with CT slice thickness of 5 mm or less is presented
separately. The RCA, theLMCA and the LAD are shown.

Minimum Median of Maximum All patients Restricted to
of mean mean dose of mean patients with
dose dose CT-slices of
max 5 mm
Range for Range for Range for ICC ICC ICC ICC
3 3 3 Right+ Right+
oncologists oncologists oncologists Left Left
Proximal
RCA
Right-sided BC | 0.4-0.5 09-1.0 1.7-1.8 0.87 0.91 0.86 0.91
Left-sided BC 0.5-0.8 1.2-14 25-26 0.92 0.92
Mid RCA
Right-sided BC | 0.9-1.0 14-15 40-43 0.83 0.88 0.83 0.88
Left-sided BC 0.2-0.3 0.8-0.9 1.7-2.0 0.86 0.86
Distal RCA
Right-sided BC | 0.3-0.4 0.7-1.0 1.6-1.8 0.73 0.77 0.74 0.78
Left-sided BC 0.2-0.3 0.6-0.6 14-17 0.78 0.78
LMCA
Right-sided BC | 0.2-0.3 0.5-0.5 0.7-0.9 0.84 0.92 0.84 0.92
Left-sided BC 0.7-0.7 1.0-1.3 1.9-23 0.83 0.83
Proximal
LAD
Right-sided BC | 0.1-0.2 0.3-0.3 0.5-0.5 0.88 0.94 0.88 0.94
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Left-sided BC 09-1.2 1.7-2.0 8.7-13.1 0.92 0.92

Mid LAD

Right-sided BC | 0.0 -0.1 0.1-0.1 0.3-04 0.97 0.84 0.97 0.84
Left-sided BC 23-25 53-72 29.2-33.0 0.76 0.76

Distal LAD

Right-sided BC | 0.0 - 0.0 0.0-0.1 0.3-0.3 0.98 0.99 0.98 0.99
Left-sided BC | 7.0-10.9 39.5-43.6 49.7-50.4 0.96 0.96

The intraclass correlation coefficient (ICC ), the right coronary artery (RCA), the
left main coronary artery (LMCA) and the left anterior descending artery
(LAD).
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Patient characteristics for the 182 women included are shown in Table 5. A
majority of the women were treated with BCS and received RT to the breast
without regional lymph node irradiation. The RT was planned in the TMS system
for the majority of the patients. Doses were recalculated for 107 patientsusing the
AAA, 54 with the CC, and 21 with the PBalgorithm s. Only subtle differences were
observed between the PB and the CC algorithms, when the RT plans were
recalculated with both algorithms, for one patient with right -sided and left-sided
RT, respectively (Table A-3).
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Table 5: Patients chara cteristics by lateralit y of the tumor.

Right - Left - All P-value
sided BC sided BC (n=182)
(n=81) (n=101)
Year of BC diagnosis,
n (%)
19952001 21  (25.9) 31 (30.7) 52 (28.6) 0.76
2002-2008 37 (45.7) 41 (40.6) 78 (42.9)
2009-2012 23 (28.4) 29 (28.7) 52 (28.6)
Age at BC diagnosis,
n (%)
40-49 yrs 4 (4.9) 6 (5.9) 10 (5.5) 0.90
50-59 yrs 19 (23.5) 27 (26.7) 46 (25.3)
60-69 yrs 41  (50.6) 44 (43.6) 85 (46.7)
70-79yrs 15 (18.5) 22 (21.8) 37 (20.3)
80-83 yrs 2 (2.5) 2 (2.0) 4 (2.2)
Age at BC diagnosis, 64  (40-84) 64 (44-82) 64 (40-84)
median (min  -max)
Type of surgery , n (%)
Breast conserving surgery | 67  (83.8) 88 (87.0) 155 (85.2) 0.79
Mastectomy 13 (16.2) 11 (12.0) 24 (13.1)
No surgery 0 (0.0) 1 (1.0) 1 (0.5)
Missing data 1 1.2) 1 (1.0) 2 (1.1)
Endocrine therap vy
n (%)
Yes 44  (54.3) 52 (51.5) 96 (52.7) 0.77
No 37 (45.7) 49 (48.5) 86 (47.3)
Chemotherapy , n (%)
Yes 23 (28.4) 18 (17.8) 41 (22.5) 0.11
No 58 (71.6) 83 (82.2) 141 (77.5)
CT-scan slice
thickness , n (%)
<5mm 19 (23.5) 20 (19.8) 39 (21.4) 0.92
5mm 21 (25.9) 28 (27.7) 49 (26.9)
6-9 mm 14  (17.3) 20 (19.8) 34 (18.7)
10 mm 25 (30.9) 33 (32.7) 60 (32.9)
1516 mm 2 (2.5) 0 0) 2 (1.2)
Treatment planning
system , n (%)
TMS 47  (58.0) 59 (58.4) 106 (58.2) 1.0
Oncentra 8 (9.9) 9 (8.9) 17 (9.3)
Eclipse 26 (32.1) 33 (32.7) 59 (32.4)
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Dose calculation
algorithm , n (%)
AAA 47  (58.0) 60 (59.4) 107 (58.8) 0.20
CcC 21  (25.9) 33 (32.7) 54 (29.7)
PB 13 (16.0) 8 (7.9) 21 (11.5)
Target , n (%)
Breast 60 (74.1) 80 (79.2) 140 (76.9) 0.82
Breast + regional LN 8 (9.9) 9 (8.9) 17 (9.3)
Breast + regional LN + | O (0.0) 1 (1.0) 1 (0.5)
IMC
Chest wall 1 (1.2) 1 (1.0) 2 (1.1)
Chest wall + regional LN 10 (12.3) 7 (6.9) 17 (9.3)
Chest wall + regional LN+ | 2 (2.5) 3 (3.0) 5 2.7)
IMC
Fractionation , n (%)
2.66 Gy x 16 16 (19.8) 3 (3.0 19 (10.4)
2.67 Gy x 15 2 (2.5) 1 (1.0) 3 (1.6)
2 Gy x (22-24) 3 3.7) 2 (2.0) 5 2.7)
0.001
2 Gy x (22-24) + boost2 Gy | O (0.0) 1 (1.0) 1 (0.5)
x9
2 Gy x (26-28) 10 (12.3) 8 (7.9) 18 (9.9)
2Gyx 25 47  (58.0) 83 (82.2) 130 (71.4)
2Gyx25+boost2Gy x5 | 2 (2.5) 1 (1.0) 3 (1.6)
2Gy x 25 +boost2Gyx8 | 1 1.2) 2 (2.0) 3 (1.6)
Time from RT to
SCAAR registration
n (%)
<2yrs 22 (27.2) 29 (28.7) 51 (28.0) 0.85
2-4yrs 15 (18.5) 22 (21.8) 37 (20.3)
4-8 yrs 21 (25.9) 27 (26.7) 48 (26.4)
8+ yrs 23 (28.4) 23 (22.8) 46 (25.3)
Time in years from RT 49 (0.1-15.6) 3.9 (0.1-14.0) 5.0 (0.1-15.6)
to
SCAAR  registration,
median (min  -max )

Breast cancer (BC), years (yrs), minimum (min ), maximum (max), computed
tomography ( CT), Analytical Anis otropic Algorithm (AAA), Collapsed Cone
(CC), Pencil Beam (PB),regional lym ph nodesi.e: axillary and supraclavicular
lymph nodes (regional LN), internal mammary chain (IMC), radiotherapy
(RT), and Swedish Coronary Angio graphy and A ngioplasty Register (SCAAR).
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Information from the SCAAR, tumor characteristics, mode of cancer detection,
and health care region is presented in Table A4. Percutaneous coronary
intervention (PCI) was performed in 172 of the patients and coronary artery by-
pass grafting (CABG) in four of the patients. Ten patients underwent coronary
angiography without any coronary intervention. Myocardial infarction was the

most common indication for intervention and stenosis in one artery branch the

most common finding on the coronary angiography. The number and type of
coronary interventions are shown in Table 6, presented by eat coronary segment
separately.

Table 6: Coronary intervention presented by each coronary segment
separately

Proximal RCA
Mid RCA
Distal RCA
LMCA
Proximal LAD
Mid LAD
Distal LAD
Proximal LCX

Stent

w
a1
IN
iy
=
>~
IN
IN
iy
ol
=]
o
N
N

Intervention

without sten  t 0 1 1 0 2 0 1 3
Coronary artery ~ by- 1 2 1 1 1 2 0 3
pass grafting

Coronary segment 146 138 166 177 138 130 175 154

not intervened

The right coronary artery (RCA), the left main coronary artery (LMCA) , the
left anterior descending artery (LAD) , and the left circumflex artery (LCX) .

Radiation doses

The distribution of radiation doses is displayed in Figure 5 and in Table A-5. In
right -sided BC RT, the highest radiation doses were seen in mid RCA with a
median mean dose of 1.6 Gy and a median maximum dege of 2.2 Gy. The median
mean heart dose was 0.6 Gy. In leftsided BC RT, the highest doses wereeenin
the mid and distal LAD, with median mean doses of 3.6 Gy and 26.7 Gy, and
median maximum doses of 7.9 Gy and 44.8 Gy, respectively The median mean
doses to the whole LAD and the heart was 10.6 Gy and 2.7 Gy, respectively.
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Figure 5: Distribution of coronary radiation doses . Percent of women (Y-axis),
receiving at least the radiation dose to the heart and to the eight coronary

segments as

displayed

on

the X-axis. Resultspresentedby breast

cancer laterality, and maximum and mean dose s. Breast cancer (BC), the right
coronary artery (RCA), the left main coronary artery (LMCA) , the left anterior
descending artery (LAD) , and the left circumflex artery (LCX) .

Relationship between radiation dose and coronary intervention

The ORs of coronary intervention by each coronary segment, for mean and
maximum doses were estimated (Figure6 and Table A-6). In the mid LAD, a total
of 52 coronary events were registered. he odds of coronary events in mid LAD
increased with dose (p-value for trend test=0.005).

Women receiving mean doses ofl-5 Gy in the mid LAD had an adjusted ORfor a
later coronary intervention of 0.90 (95 % CI 0.47-1.74), compared to women
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receiving 0-1 Gy. Women receiving mean dosesof 5-20 Gy in the mid LAD had
an adjusted OR of 1.24 (95 % CI 0.522.95) for a later coronary intervention,

compared to women receiving 0-1 Gy. Women receiving mean doses over 20 Gy

in mid LAD had an adjusted OR of 5.23 (95 %Cl 2.01-13.6) for a later coronary
intervention in comparison with women receiving 0-1 Gy.

No. events/No. exposed . Exposure  Crude p-value® Adj d p-val
14166 Proximal RCA
° 0-1Gy  1.00 Ref. 1.00 Ref.
221116 _— >1Gy  088(045-172) 0¥ (g7 (0ar. 182 048
Mid RCA 016G
23/77 ) -1Gy 100 Ref. 1.00 Ref.
211105 ——— >1Gy  060(0.33-1.08) %92 (g1(033-113 012
13135 Distal RCA 0-1G 1.00 Ref
. -1 Gy .00 Ref. 1.00 Ref.
tan >1Gy  o63(18-220) 058 (©15-198) 073
/ LMGA 0-1G
41121 -1Gy 100 Ref.
1/61 >1Gy  050(0.06-444) 008 NA
17183 Proximal LAD 016 .
. -1Gy  1.00 Ref. 1.00 Ref.
27/99 —_——— >1 Gy 1.26 (0.69 - 2.31) 0.69 1.35 (0?72 -254) 083
Mid LAD
19/77 ° 0-1Gy  1.00 Ref. 1.00 Ref.
18/72 = ———— 1-5 Gy 0.95 (0.50 - 1.82) 0.016 0.90 (0.47 - 1.74) 0.005
9/25 —_—— 5-20 Gy 1.78 20.80 - 3.93{ . 1.24 (0.52 - 2.95 :
6/8 —————— %3y 354(141-888 523 Ezm 3.6;
Distal LAD G
2174 o 016y 1,00 Ref.
1/47 . 1206y 075(007-8.22 0.35 NA
4/61 20Gy  231(042-126
Proximal LCX
24/108 o ] 0-1Gy 1.00 Ref. 1.00 Ref.
44 > 16y 021007-060) %97 0% (0G7-064) 0006
[ I [ IFTTT 1 [ [ I 1 = Crude
0.05 02 05 08 15 3 5 8 14 Adjusted

Odds ratio

"Test for trend

Figure 6: OR of coronary intervention by coronary artery segment for mean
doses. *Adjusted for age at BC diagnosis, year of BC diagnosis, year of
registration i n SCAAR, endocrine therapy, chemotherapy, BMI, and smoking
status. Odds ratio (OR), Swedish Coronary Angio graphy and A ngioplasty
Register (SCAAR), numbers (No.), the right coronary artery (RCA), the left main
coronary artery (LMCA), the left anterior descending artery (LAD), the left
circumflex artery (LCX), confidence interval (Cl), Gray (Gy), reference (Ref.),
and non applicable (NA).

The ORs of coronary intervention over time from the RT exposure is presented in
Table 7. The elapsed treatment time of 0-4 years, 48 years, and over 8 years was
studied, with elapsed treatment time of 4-8 years defined as reference. There
seemed to be anaccumulation of interventions in the first four years after RT and
at elapsed treatment times of eight years or longer. When time was combined
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with dose, an OR of 8.21 (95 % CI 2.0732.5) for mean dose over 15 Gy and of 5.39
(95 % CI 1.7216.9) for maximum dose over 40 Gy was observed for coronary
events in mid LAD and elapsed treatment time of eight years or longer. Mean
doses of 05 Gy, maximum doses of0-10 Gy, and elapsed treatment time of 0-4
years were defined as reference (Supplemental Table A7).

Table 7: OR of coronary event over time. *Adjusted for age at BC diagnosis,
year of BC diagnosis, year of registration in SCAAR, endocrine therapy,
chemotherapy, BMI, and smoking status.

Number Number Crude analysis Adjusted model*

of of

women events
Proximal RCA OR 95% ClI OR 95% ClI
0-4 years 27 7 231 (0.98 - 5.44) 222 (0.94 -5.23)
4-8 years 49 21 1.00 Ref. 1.00 Ref.
8+ years 106 8 112 (0.41-3.10) 1.18  (0.42 - 3.29)
Mid RCA
0-4 years 30 25 1.89 (0.91-3.94) 1.74 (0.83 - 3.64)
4-8 years 50 10 1.00 Ref. 1.00 Ref.
8+ years 102 9 0.91 (0.37-2.23) 1.00 (0.4 -2.48)
Distal RCA
0-4 years 15 9 242 (0.66 - 8.95) 2.03 (0.54-7.59)
4-8 years 50 3 1.00 Ref. 1.00 Ref.
8+ years 117 4 1.31 (0.29 - 5.84) 171 (0.38 - 7.82)
LMCA
0-4 years 8 1 0.82 (0.05 - 13.1) NA
4-8 years 54 1 1.00 Ref.
8+ years 120 3 2.94 (0.31-28.3)
Proximal LAD
0-4 years 24 20 1.20 (0.60 - 2.42) 1.18 (0.58 - 2.38)
4-8 years 55 13 1.00 Ref. 1.00 Ref.
8+ years 103 11 0.89  (0.40 - 1.98) 0.93 (0.41-2.10)
Mid LAD
0-4 years 30 24 1.30 (0.67 - 2.51) 1.23  (0.63 - 2.38)
4-8 years 54 14 1.00 Ref. 1.00 Ref.
8+ years 98 14 1.07 (0.51-2.25) 1.16  (0.55 - 2.46)
Distal LAD
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0-4 years

4-8 years

8+ years
Proximal LCX
0-4 years

4-8 years

8+ years

Any segment
0-4 years

4-8 years

8+ years

Theright coronary artery (RCA), the left main coronary artery (LMCA),
anterior descending artery (LAD),

52
121

18
49
115

79
45
58

12

12

78

38
45

1.65
1.00
3.93

2.40
1.00
3.08

1.21
1.00
2.22

(0.15-18.2)
Ref.
(0.44 - 35.2)

(0.77 - 7.45)
Ref.
(0.99 - 9.54)

(0.82 - 1.79)
Ref.
(1.44- 3.43)

NA

2.18
1.00
4.12

1.10
1.00
2.58

the left circumflex artery (LCX),

(0.70 - 6.78)
Ref.
(1.31- 13.0)

(0.74 - 1.63)
Ref.
(1.65- 4.01)

the left
odds ratio

(OR), confidence interval (Cl), Gray (Gy), reference (Ref.), and non applicable

(NA).
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The study population consisted of 60217 women with BC and 300791 women
without a history of BC, shown in Table 8.

Table 8: Characteristics of the study population
with right -sided BC, women with left-sided

by all women with BC, women
BC, and women without BC

diagnosis.
BC all BC right BC left Women without BC

No. of women 60217 28903 30840 300791
FU time, yrs 8.1 (5.5) 8.1 (5.5) 8.1 (5.5) 9.0 (5.6)
(SD)
Health care n (%) n (%) n (%) n (%)
region
Stockholm 25606 (42.5) 12448 (43.1) 13158 (42.7) 127937 (42.5)
Uppsala/ ...rebro | 25323 (42.1) 11919 (41.2) 12934 (41.9) 126490 (42.1)
Northern region 9288 (15.4) 4536 (15.7) 4748 (15.4) 46364 (15.4)
Year of
inclusion
1992-1997 14149 (23.5) 6578 (22.8) 7103 (23.0) 70666 (23.5)
1998-2002 14285 (23.7) 6960 (24.1) 7320 (23.7) 71362 (23.7)
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2003-2007
2008-2012

Age at
inclusion
<45yrs

45-54 yrs
55-64 yrs
65-74 yrs
75-84 yrs
85+ yrs
Marital Status
Married

Not married

Level of
education
Low

Middle
High
Missing
CClI

0

1

2

3+

No. of
previous IHD
events

0

1
2+

14960
16823

5770
12831
16054
13928

8101

3533

30766
29451

18755
22808

16626
2028

50825
4788
2879

1725

57877
1421
919

(24.8)
(27.9)

(9.6)
(21.3)
(26.7)
(23.1)
(13.5)
(5.9)

(51.1)
(48.9)

(31.1)
(37.9)
(27.6)
(3.4)

(84.4)
(8.0)
(4.8)
(2.9)

(96.1)
(2.4)
(1.5)

7210
8155

2792
6199
7907
6604
3768
1633

14769
14134

8844
10987
8143
929

24447
2249
1398

809

27775
679
449

(24.9)
(28.2)

9.7
(21.4)
(27.4)
(22.8)
(13.0)
(5.6)

(51.1)
(48.9)

(30.6)
(38.0)
(28.2)
(3.2)

(84.6)
(7.8)
(4.8)
(28)

(96.1)
(2.3)
(1.6)

7749
8668

2935
6526
8046
7203
4257
1873

15744
15096

9684
11689
8420

1047

25985
2483
1470
902

29641
732
467

Breast cancer (BC), number (No.), follow -up (FU),
deviation (SD), and Charlson Comorbidity Index (CCI).

(25.1)
(28.1)

(9.5)
(21.2)
(26.1)
(23.4)
(13.8)
(6.1)

(51.1)
(48.9)

(31.4)
(37.9)
(27.3)
(3.4)

(84.3)
(8.1)
(4.8)
(2.9)

(96.1)
(2.4)
(1.5)

74740
84023

28826
64166
80017
69691
40461
17630

152775
148016

100623
115079
73246
11843

255689
24597
13350

7155

288263

7598
4930

(24.8)
(27.9)

(9.6)
(21.3)
(26.6)
(23.2)
(13.5)
(5.9)

(50.8)
(49.2)

(33.5)
(38.3)
(24.4)
(3.9)

(85.0)
(8.2)
(4.4)
(2.4)

(95.8)
(2.5)
(1.6)

years (yrs), standard

Patient characteristics for all women with BC and by laterality are shown in Table
9. There were numerically more women with left-sided than right-sided BC
Women with left -sided BC were less often operated withBCS and there were also
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slightly fewer women with left -sided BCreceiving RT compared toright -sided BC.
No major differences regarding the use of endocrinetherapy, chemotherapy, and

trastuzumab were noticed between leftsided and right-sided BC.

Table 9: Patients characteristics for women with  BC by BC laterality.

BC BC all, n (%) BC right, n (%) BC left, n (%)
characteristics

No. of women 60217 (100.0) 28903  (100.0) 30840  (100.0)
T status

TO 8616 (14.3) 4224 (14.6) 4391 (14.2)
T1 28100 (46.7) 13527 (46.8) 14289  (46.3)
T2 18185 (30.2) 8646 (29.9) 9390 (30.4)
T3 2810 (4.7) 1329 (4.6) 1457 (4.7)
T4 1165 (1.9) 560 (1.9) 605 (2.0)
X 1341 (2.2) 617 (2.1) 708  (2.3)
N status

NO 33659 (55.9) 16226 (56.1) 17155 (55.6)
N1-3 12799 (21.3) 6154 (21.3) 6565 (21.3)
N4+ 5993 (10.0) 2823 (9.8) 3120 (10.1)
NX 7766  (12.9) 3700 (12.8) 4000 (13.0)
ER status

ER+ 40168 (66.7) 19532 (67.6) 20460 (66.3)
ER- 8666 (14.4) 4015 (13.9) 4587 (14.9)
Missing 11383 (18.9) 5356 (18.5) 5793 (18.8)
PR status

PR+ 33335 (55.4) 16216 (56.1) 16955 (55.0)
PR- 14873 (24.7) 7033  (24.3) 7765 (25.2)
Missing 12009 (19.9) 5654 (19.6) 6120 (19.8)
Surgery

No surgery 2345 (3.9) 1115 (3.9) 1212 (3.9)
BCS 32583 (54.1) 15873 (54.9) 1645  (53.4)
Mastectomy 23917 (39.7) 11268 (39.0) 12453  (40.4)
Missing 1372 (2.3) 647 (2.2) 719 (2.3)
RT stratified

for

pathological

node stage

No RT 22790 (37.8) 10808 (37.4) 11794 (38.2)
RT NO 21524 (35.7) 10472 (36.2) 10887 (35.3)
RT N1-3 9088  (15.1) 4360 (15.1) 4658  (15.1)
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RT N4+ 4679 (7.8) 2219 (7.7) 2423 (7.9)

RT NX 2136 (3.5) 1044 (3.6) 1078 (3.5)
Endocrine

therapy

Yes 36893 (61.3) 17884 (61.9) 18867 (61.2)
No 23324 (38.7) 11019 (38.1) 11973 (38.8)
Chemotherapy

Yes 16552 (27.5) 7980 (27.6) 8528 (27.7)
No 43665 (72.5) 20923 (72.4) 22312 (72.3)
Trastuzumab &

Yes 1943 (7.5) 919 (7.3) 1024 (7.6)
No 23964 (92.5) 11595 (92.7) 12368 (92.4)

Breast cancer (BC), number (No.), pathological tumor stage (T), pathological
lymph node stage (N), estrogen receptor (ER), progesterone receptor (PR),
breast conserving surgery (BCS), and radiotherap y (RT). &Included women
with BC registered from 2005 and later.

Risk of IHD for women with BC

The risk of IHD for women with BC compared t o women without BC is presented
in Figure 7, along with the number of IHD events, the number of women and
person-years at risk. The risk of IHD was lower for women with BC, compared to
women without BC with a Hazard ratio (HR) of 0.91 (95 % CI 0.88-0.95). The
women with BC were stratified for different BC treatments and compared to
women without BC. Women selected for RT had a HR of 0.88 (95% CI 0.83-0.92),
and women not selected for RT of 0.95 (95% CI1 0.90-1.00) for IHD compared to
women without BC.
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Exposure HR (95 % CI) No. events  No.women Pyrs x 1000
No BC [ | 1.00 (Ref.) 17547 300791 2623.6
BC i 0.91 (0.88!0.95) 2802 60217 477.7
No surgery —_— 0.96 (0.83!1.12) 179 3717 15.6
Mastectomy —— 0.97 (0.91!1.03) 1223 23917 176.0
BCS —— 0.86 (0.82!0.91) 1400 32583 286.1
No RT —a— 0.95 (0.90!1.00) 1385 22790 171.0
RT —— 0.88 (0.83!0.92) 1417 37427 306.7
No endocrine therapy —— 1.00 (0.93!1.06) 1032 19743 161.5
Endocrine therapy —a— 0.87 (0.83!0.91) 1770 40474 316.2
No chemotherapy - 0.92 (0.89!0.96) 2477 42687 352.0
Chemotherapy —— 0.82 (0.7410.92) 325 17530 125.7
No Trastuzumab& —— 0.92 (0.84!1.00) 542 23964 105.2
Trastuzumab® " - 0.89 (0.58!1.39) 20 1943 7.5
Right BC —e— 0.87 (0.82!0.92) 1244 28369 226.1
Left BC —a— 0.94 (0.89!1.00) 1453 30284 238.8
NO, No RT —— 0.91 (0.85!0.98) 731 12135 105.7
NO, RT —— 0.86 (0.80!0.92) 825 21524 184.0
N1!3, No RT —_— 0.96 (0.84!1.11) 203 3711 29.9

113, RT —— 0.95 (0.85!1.06) 339 9088 70.9
N4+, No RT —_— 1.05 (0.82!1.33) 67 1314 8.5
N4+, RT —_— 0.87 (0.73!1.03) 132 4679 30.3
Nx, No RT —_— 1.01 (0.91!1.12) 384 5630 26.9
Nx, RT _— 0.81 (0.68!0.97) 121 2136 215

[ I I I 1T 1T 11
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Hazard ratio

Figu re 7: Therisk of ischemic heart disease (IHD) in women with breast cancer
(BC) compared to women without BC diagnosis. Women with BC were stratified
for type of surgery, radiotherapy (RT), endocrine therapy, chemotherapy,
treatment with trastuzumab, later ality of BC, and pathological lymph node
stage. Adjusted for number of pre vious IHD events, time since last IHD event,
Charlson Comorbidity Index (IHD removed), and educational level. Hazard
ratio (HR), confidence interval (Cl), number (No.), patient years (Pyrs),
reference (Ref.), and breast conserving surgery (BCS). &Included women
registered from 2005 and later.
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The risk of IHD in women with BC by laterality

Therisk of IHD in women with left -sided BC compared to right-sided BC is shown
in Figure 8. There was a higher risk of IHD in left-sided BC compared to right-
sided BC with a HR of 1.09 (95 % 1.011.17). For women not receiving RT, the risk
of IHD in left -sided and right-sided BC was very similar (HR 1.00, 95 % CI 0.89
1.11) and without change when sbdivided according to surgery. In women
treated with RT, a higher risk of IHD in left -sided BC was seen, with a HR of 1.18
(95 % CI 1.06:1.31). The left/right HR for IHD was 1.25 (95 % CI 1.03-1.53) after
mastectomy and RT, and 1.13 (95% CI 0.99-1.28) after BCS and RT. Subgroup
analyses according to pathological lymph node stage, showed an increasing risk
of IHD in left -sided BC compared to right-sided BC in more advanced lymph node
stages, with the largest IHD risk seen in patients with four or more meta static
lymph nodes, HR 1.46(95 % CI 1.111.91).A higher left/right HR for IHD after RT
was found in women receiving additional systemic adjuvant therapy; the HR was
1.24 (95 % CI 1.091.42), 1.28 (95% CI 0.98-1.66), and of 1.35 (95 % CI 0.951.92)
for endocrine therapy, chemotherapy and endocrine therapy and chemotherapy
combined, respectively, compared to RT alone.
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No. events  No. women Pyrs x 1000

Stratum HR (95% CI

¢ ) Left/Right Left/Right Left/Right
All —i— 1.09 (1.01!'1.17) 1453/1244  30284/28369 238.8/226.1
No RT —— 1.00 (0.89!1.11) 699/629 11494/10517 85.9/79.6
RT —— 1.18 (1.06!1.31) 754/615 18790/17852 152.9/146.5
NO, RT — 1.08 (0.94!1.24) 449/395 11196/10815 95.5/92.9
N1!3, RT 1.17 (0.88!1.55) 105/90 2312/2151 20.6/19.2
N4+, RT ——————a———— .- 1.46 (1.11!1.91) 133/86 3847/3525 25.4/23.3
Nx, RT -+ 1.52 (1.03!2.24) 133/86 1435/1361 11.4/11.0
Mastectomy, no RT —_—.— 0.98 (0.85!1.13) 408/364 6691/6051 49.8/45.1
Mastectomy, RT —_—— 1.25 (1.03!1.53) 235/168 5440/4906 39.5/35.5
BCS, no RT —_— 1.03 (0.85!1.25) 212/200 3139/2947 29.7/28.8
BCS, RT —— 1.13 (0.99!1.28) 506/437 13144/12752 111.9/109.5
No endocrine treatment —_—— 1.03 (0.90!1.16) 522/458 10010/9154 81.0/74.5
Endocrine treatment —— 1.12 (1.01!1.23) 931/786 20274/19215 157.8/151.5
No chemotherapy —i— 1.09 (1.00'1.18) 1289/1097  21393/20066 175.3/166.2
Chemotherapy e — 1.07 (0.86!1.34) 164/147 8891/8303 63.5/59.9
No Trastuzumab # — . 1.03 (0.87!1.22) 280/249 12116/11349 53.2/50.0
Trastuzumab# -+ 2.29 (0.81!6.46) 15/5 1013/898 4.0/3.4
No adjuvant therapy, RT =~ +————=—— 1.04 (0.85!1.27) 201/185 3456/3305 35.9/34.7
Endocrine treatment, RT —a— 1.24 (1.09!1.42) 497/386 12926/12313 98.6/94.9
Chemotherapy, RT —_— 1.28 (0.98!1.66) 130/99 6830/6393 47.0/44.6
Endo+Chemo, RT -+ 1.35 (0.95!1.92) 74/55 4422/4159 28.6/27.7

[ I T T 17T I I 1
0.8 1 12 14 16 2
Decreased risk of IHD . Increased risk of IHD

Left BC vs Right BC Hazard ratio Left BC vs Right BC

Figure 8: The risk of ischemic heart disease (IHD) in women with left -sided
breast cancer (BC) compared to right -sided BC. The women were stratified for
radiotherapy (R T), RT in relation to pathological lymph node status, type of
surgery, endocrine therapy, chemotherapy, and treatment with trastuzumab.
Adjusted for number of previous IHD events, time since last IHD event, Charlson
Comorbidity Index (IHD removed), and edu cational level. Hazard ratio (HR),
confidence interval (Cl), number (No.), patient years (Pyrs), and breast
conserving surgery (BCS). &Included women registered from 2005 and later.
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Cumulative incidence of IHD

The cumulative incidence of IHD during 20 -year follow-up for women without
BC, all women with BC, women with BC not receiving RT,and women receiving
left-sided and right-sided RT, respectively, is visualized in figure 9. The
cumulative incidence of IHD was highestin women with BC not selected for RT,
followed by women without BC. In women selected for RT, a higher cumulative
incidence of IHD was seen in those receiving leftsided compared to right-sided
RT. The difference between left and right-sided RT was observel within the first
years after RT, and it continued to increase with longer follow-up.

10lyear cumulative incidence

14.0 4
— 6.5(6.416.6)
120 + 5.7 (5.415.9)
— 7.8(7.4183)
10.0 | — NoBC = 4.9(4553)
g All BC 4.0 (3.614.4)
Q
S 80 —— BCnoRT
3 —— BCleftRT
£
N 6.0 BC right RT 20lyear cumulative incidence
@
g
S 4.0 - — 11.9(11.6!12.1)
10.9 (10.3111.5)
20 — 13.2(12.3114.3)
: — 10.3(9.21115)
8.9 (7.919.9)
00 T T T T T T T T T 1
0 2 4 6 8 10 12 14 16 18 20
No. at risk Years
NoBC 300791 269307 222616 182494 146684 115451 87248 62467 40867 23770 8993
AllBC 59743 51667 41182 32756 25644 19649 14428 9951 6237 3479 1186
BC no RT 22602 18632 14737 11704 9085 6878 5006 3493 2288 1333 507
BC left RT 19046 16921 13565 10775 8447 6491 4790 3291 1986 1086 324
BC rigth RT 18095 16114 12880 10277 8112 6280 4632 3167 1963 1060 355

Figure 9:

Cumulative incidence of ischemic heart disease (IHD) for women

without breast cancer (BC) diagnosis, for all women with BC, for women with
BC not receiving ra diotherapy (RT), women with BC receiving left -sided RT,
and women with BC receiving right -sided RT. Number (No.).
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Paper IV

The study population consisted of 52300 women with BC and 253796 women
without a history of BC, shown in Supplemental table A-8. The mean follow-up
time was 7.9years in women with BC and8.8 years in women without BC. Women
with BC had a higher educational level compared to women without BC diagnosis;
28.4 % of the women with BC had an education longer than 12 years compared to
25.2 % of the women without BC. No major differences were seen béween the
women with BC and women without BC concerning CCl, and the vast majority of
women in the study population had no reported comorbidity.

Patient characteristics for women with BC are shown in Supplemental table A-9.
The group was stratified by receiving RT or not. Women not receiving RT were
generally older and had more comorbidities according to CCI than women
receiving RT. They were more often selected for mastectomy, and less frequently
selected for systemic therapy compared to women receiving R

Cumulative incidence of LC

The cumulative incidence of LC for women with BC receiving RT, women with BC
not receiving RT, and women without BC diagnosis, is visualized in Figure 1.
Women with follow-up of longer than five years were also stratified by
histological type of LC, and the distribution of different histological subtypes was

similar for women with BC and women without B C.
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Figure 10: Cumulative incidence of lung cancer (LC) for women without breast

cancer (BC) diagnosis, women with

BC not receiving radiotherapy (RT), and

women with BC receiving RT (upper panel). The distribution of the different LC
histological subtypes for women with follow -up of longer than five years is
displayed in the lower panel. Number (No.).
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Risk of LC in women with follow -up times of more than five years

The risk of LC in women with BC that had an event-free survival of longer than
five years, compared to women without BC diagnosis, is shown in Table10. The
risk of LC was higher in women with BC compared to women without a BC
diagnosis, with an adjusted HR of 172 (95 % CI 116-2.57). In women with BC
that did not receive RT no significant difference in risk of LC was seen compared
to women without BC (HR 0.68; 95 % CI 0.27-1.68). Women with BC that did
receive RT had a higher risk of LC compared to womenwithout BC, with an
adjusted HR of 2.35 (95 % CI 1.543.59).

Table 10: Risk of LC in women with BC compared to women without BC
diagnosis. HR for LC conditi oned on 5year event free survival. Restricted to
women undergoing surgery for BC and their comparison women without BC

diagnosis.
No. events Inc. per Crude Adjusted #
100000
pyrs HR 95 % ClI HR 95 % ClI
BC
No BC
976 103.8 1.00 Ref. 1.00 Ref.
BC
270 138.6 134 (1.171.54) 1.72 (1.162.57)
RT
No BC
976 103.8 1.00 Ref. 1.00 Ref.
BC, No RT
52 94.0 0.91 (0.69-1.20) 0.68 (0.27-1.68)
BC, RT
218 156.2 152 (1.3:1.76) 2.35 (1.54-3.59)
N-stage
No BC
976 103.8 1.00 Ref. 1.00 Ref.
BC NO
181 1456 141 (1.20-1.65) 1.40 (1.191.64)
BC N1-3
52 1264 1.23  (0.93-1.63) 1.30 (0.98-1.71)
BC N4+
13 955 0.94 (0.54-1.62) 1.02 (0.59-1.76)
BC NX
24 1518 1.49 (0.99-2.24) 1.29 (0.86-1.93)
ER-status
No BC
976 103.8 1.00 Ref. 1.00 Ref.
BC,ER+
168 135.0 132 (1.121.56) 131 (0.78-2.19)
BC, ER
45 1495 1.44 (1.07-1.94) 2.52 (1.175.44)
BC, missing ER
57 141.3 134 (1.02-1.75) 2.66 (1.34-5.29)
PR-status
No BC
976 103.8 1.00 Ref. 1.00 Ref.
BC, PR+
125 115.1 1.12  (0.93-1.35) 1.20 (0.69-2.11)
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BC, PR

85 191.2 1.87 (1.49-2.33) 2.21 (1.124.39)
BC, missing PR

60 143.6 1.36 (1.05-1.77) 2.89 (1.50-5.57)
Endocrine
therapy
No BC

976 103.8 1.00 Ref. 1.00 Ref.
BC, no endo

109 1324 1.26  (1.04-1.54) 1.81 (1.03-3.18)
BC, endo

161 143.1 140 (1.191.66) 1.66 (1.01-2.73)
Chemotherapy
No BC

976 103.8 1.00 Ref. 1.00 Ref.
BC, no chemo

217 146.6 141 (1.22-1.64) 1.87 (1.24-2.83)
BC, chemo

53 113.1 1.11  (0.84-1.47) 0.97 (0.31-3.10)

Lung cancer (LC), breast cancer (BC), Hazard ratio (HR), number (No.),
incidence (Inc.), person years (pyrs), radiotherapy (RT), pathological lymph
node stage (N-status), estrogen receptor status (ER-status), progesterone
receptor status (PR-status), endocrine therapy (endo), chemotherapy (chemo),
Charlson comorbidity index (CCI). #Adjusted for age, educational level, Chronic
Pulmonary Disease (CPD), and CCI except CPD.

The analyses were performed stratified by follow-up time, for women with ev ent-
free survival of 7.5, 10, 12.5, and 15 years respectively. A similar pattern was seen
in these subgroups as forthe whole group of women with an event-free survival
of longer than five years, though there were fewer events in the subgroups, and
overall the HRs did not reach statistically significance. Analyses restricted on
women with CPD included merely 6 LC events and no significant increase in risk
was seen in risk of LC(Supplemental Table A-10).

Risk of LC for women with BC by laterality

The risk of ipsilateral and contralateral LC, in relation to the laterality of the

breast tumor, for women with BC that had an event-free survival of longer than
five years, compared to women without BC diagnosis,is shown in Table 11 The
adjusted risk of ipsilat eral LC was 344 (95 % CI 187-6.34) in women with BC
receiving RT compared to women without BC diagnosis, and 1.% (95 % CI 1.Q-
3.67) for contralateral LC in women receiving RT compared to women without
BC diagnosis
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Table 1 1: Risk of ipsi- and contralateral LC in women with BC compared to
women without BCdiagnosis. HRs for ipsi - and contralateral LC conditioned on
5-year event free survival. Restricted to women undergoing surgery and their
comparison women without BC diagnosis.

No. Inc. Crude Adjusted #
events per
100000
pyrs HR 95 % ClI HR 95 % ClI

Ipsilateral LC
BC
No BC

420 46.2 1.00 Ref. 1.00 Ref.
BC

134 711 1.55 (1.28-1.88) 2.68 (1.53-4.71)
RT
No BC

420 46.2 1.00 Ref. 1.00 Ref.
BC, No RT

26 49.2 1.07 (0.72-1.59) 1.44 (0.51-4.13)

BC, RT

108 79.7 1.74 (1.42-2.15) 3.44 (1.87-6.34)
Contralateral LC
BC
No BC

456 50.2 1.00 Ref. 1.00 Ref.
BC

122 64.7 1.30 (1.06-1.58) 1.33 (0.72-2.45)
RT
No BC

456 50.2 1.00 Ref. 1.00 Ref.
BC, No RT

22 416 0.83 (0.54-1.27) 0.27 (0.04-1.96)

BC, RT

100 73.8 1.48 (1.191.84) 1.95 (1.03-3.67)

Lung cancer (LC), breast cancer (BC), Hazard ratio (HR), number (No.),
incidence (Inc.), person years (pyrs), radiotherapy (RT). #Adjusted for age,
educational level, Chronic Pulmonary Disease (CPD), and CCI except CPD.
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Lung cancer-specific survival

The LC-specific survival for women with BC and women without BC, stratified by
LC diagnosis within or after the first year from BC diagnosis, is shown in Figure
11 Women with BC had a superior LC-specific survival compared to women
without B C diagnosis (HR of 0.71(95 % CI 0.50-1.01) and of 0.83 (95 % CI 0.72-
0.95) for the two strata of time since BC diagnosis). The five-year LC-specific
survival was 37 % for women with BC diagnosed with LC within the first year from
BC diagnosis conpared to 22 % for women without BC. The corresponding
numbers was 26 % for women with BC compared to 21 % for women without BC,
for women diagnosed with LC after the first year from BC diagnosis.

LC within 1 year from BC diagnosis LC later than 1 year from BC diagnosis

1.00 — 1.00 —
BC \ BC
0.80 — === No BC 0.80 - === No BC
g Slyear estimates
Y
5 0.60 — 0.60 —
g 0.22(0.16!0.31) Slyear estimates
::53 0.21 (0.190.24
2 0.40 0.40 — 21 0. )
2
2]
3
O 0.20 — 0.20
HR: 0.71 (0.50!1.01) HR: 0.83 (0.72!0.95)
0.00 T T T T ] 0.00 T T T T ]
0 1 2 3 4 5 0 1 2 3 4 5
No. at risk Years from LC diagnosis Years from LC diagnosis
75 39 27 20 15 10 398 177 101 60 41 29
— 173 80 44 27 22 17 1805 675 372 238 162 108

"#$%&'! (()Lung cancer-specific survival within and after the first year from
study onset, for women with breast cancer (BC) and women without BC
diagnosis. Lung cancer (LC), number (No.).!
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Discussion

Paper |

In RT planning there is a balance between adequate coverage ofthe treatment
target and avoiding irradiation to the heart . Based on the resultsfrom several
previous studies, showing CA damage following adjuvant RT for BC, we
addressed the need ofreliable methods to define and delineate the CAsat RT
planning (140, 141) Someinter -observer variation is inevitable and the aim with
paper | was to evaluate the extent of the inter -observer variation in delineating
the CAs The contouring was performed under conditions similar to the clinical
routine , using a validated CT-based heart atlas as guideline(186). The results of
the study showed a good spatial agreement between the different contouring
radiation oncologists, with small differences between the delineated arteries,
especially in the high-dose region of the LAD. For the LMCA-LAD the median
distance between the ceners of the delineated arteries varied from 1 to 4 mm
along the extent of the artery, and for the RCA it varied from 2 to 8 mm. The
greatest differences were seen in the mid and distalparts of the arteries. The
variation in estimated radiation doses to the CAs wasalso studied, and the ICC
was derived as a measurement of agreement between bservers. Due to
significant differences in CA doses of left-sided and right-sided irradiation, these
analyses were performedfor the whole cohort, and separately based on laterality
of BC. The ICC for mean doses varied from0.76 to 0.98 for the LMCA-LAD, and
from 0.73 to 0.92 for the RCA, indicating that variation in radiation doses was
mainly due to inter -patient variation and that there was a high consistency in
contouring .

The patients included in paper | were treated over a time span of almost twenty
years, with the first patient trea ted in 1995 and the last in 2012, and this was
considered asa limitation with the study . All patients were treated with 3 DCRT,
and CT still remains the primary three-dimensional imaging modality in RT
planning. However, advances in techndogy the last decadeshave led to improved
image quality , which may affect the results of the study. The CT slice thickness
varied from 10-15 mmin oldest RT plans to 2 mm in the latest. Due to this wide
variation , separate analysedor the 22 women with CT slice thickness of 5 mm or
less were performed and presented. It is likely that the consistency would have
been higher if all patients had been planned with CT-series with the currently
usedslice thickness of 2 mm. There are other factors that may contribute to dose
uncertainties, e.g.dose calculation algorithms, set-up errors, and movement due
to breathing and the cardiac cycle The later have been studied by White et al,
and they concluded that a marginal of 2.7 mm, 2.4 mm, and 4.1 mm for the
anterior -posterior , left-right, and superior-inferior plane respectively, should be
sufficient to account for motion and setup errors in LAD delineation (244). The
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diameter of the LAD has beenstudied using arteriograms, and was estimated to
3,7£0,4 mm in the proximal and to 1,9+0,4 mm in the distal part (245).

Regarding the results of these studies, adiameter of 6 mm should be sufficient

when delineating the LAD. In paper I, the contouring was adjusted to encompass
the arteries with a diameter of about 4 to 6 mm, with no extra margin added,

which may contribute to some uncertainties in estimated dose.

Paper | is to our knowledge one of the first to study inter-observer variation
focusing on the CAs In a study by Lorenzen et al. from 2013 in 15 patients
receiving left-sided tangential BC irradiati on, the inter-observer variation was
examined twice, with or witho ut common guidelines based on the CTatlas by
Feng et al, which was also used in paper | (113) They concluded that the
consistency in CAcontouring was notimproved when guidelines were used, and
that th ere was substantial variation in CA doses, especially in the distal LAD. The
mean spatial distance between the different LMCA-LAD delineations was lower
in paper | compared to the study by Lorenzen et al (113) Still, the studies had
different designs, rendering direct comparisons difficult. In a more recent study
by Duane et al., a cardiac atlas was developed and validated (187). Cardiac
substructures including the CAs were defined in the CT scans of one wonan to
form guidelines, and then delineated by six different observersin order to validate
the atlas. The variation in spatial distance between the surface of the contoured
structures was presented as Hauglorff average distance, which represents the
average ofthe distance from each point delineated at the reference contour to the
closest point at the observer contour. The average distancevaried from 1.3 to 2.4
mm for the LMCA-LAD, and from 1.9-3.7 mm for the RCA, which corresponds
well with the calculated spatial variation in paper I. All delineati on was performed
in the CT scans of one wonan and since patient anatomy may differ, this was
considered as a limitation (187). In contrast, paper | included a relatively large
number of patients, and the results demonstrate that contouring the CAs in
particular the LMCA-LAD, using a validated CT-atlas asa guideline, is feasible.

Paper Il

Damage to the CAs isa major cause ofRIHD. Severalstudies showan increased
risk of IHD, and CA damage corresponding to high-dose regions ofthe RT fields
(109, 140, 141) The radiation tolerance has been studiedin order to form dose-
responserelationships that could be used as constraint guidelines in the clinical
practice. Darby et al. published a large population-based casecontrol study in
2013, in 963 women diagnosed with major coronary events subsequent toBCRT,
and their controls (111) Dosimetry data was not available, and all dose
estimations were based on reconstruction of the actual RT regimens on the CT
scans of one woman They concluded that the risk of a major coronary event
increased linearly with the MHD by 7.4 % per Gy, and that the dose to LAD did
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not improve the prediction (111) In a more recent study by van den Bogaard et
al., patients treated with 3DCRT from 2005 to 2008 were studied (184). The
heart, left ventricle (LV), left atrium, right ventricle, and right atrium, were
recontoured with a multi -atlas automatic segmentation tool of the heart. Out of
these, 30 patients were diagnosel with an acute coronary event at a median
follow-up of 7.6 years. A significant doseresponse relationship between MDH
and acute coronary eventsat any location was see, with an increase of 16.5 % per
Gy, but an even stronger association was seen between L\WS5 (i.e. the volume of
the left ventricle receiving more than 5 Gy) and acute coronary events The LAD
was not delineated, but is located in close proximity to the left ventricle, and the
LV-V5 likely corresponds to theLAD dose (184). In another study by Moignier et
al. in patients receiving 3DCRT for mediastinal Hodgkin lymphoma from 2000
to 2008, 12 patients were diagnosed with coronary stenosis on coronary CT
angiography (142). A statistically significant dos e-response relationship of 4.9 %
per Gy was estimated between dose to the LAD and coronary stenosisat this
location. Whether MHD could be regarded asa relevant surrogate parameter of
the dose to the LAD and other cardiac substructures have been evaluatedin a
recently published study by Jacob et al Some patients with MHD below 3 Gy
could still have doses above 40 Gy to thedAD (112). They concluded that the MHD
did not predict the dose to the LAD with confidence, and that studies on
radiation -induced cardiac diseasesshould consider the dose to CAs and other
relevant cardiac structures rather than the MHD.

In conclusion, there are evidencethat the doses to the CAs, in particular the LAD,
may be a better predictor of radiation -induced IHD than the MHD , and that these
doses have to be taken into accountin RT planning. There are current dose
guidelines regarding cardiac dose constraintsbased onthe MHD , however, it may
be of importance to form dose constraints for the CAs as well(104).

The aim with paper Il was to examine the relatio nship between radiation dose to
the CAs and subsequent coronarystenosisthat required a coronary intervent ion
at this location. The study included 182 women treated with 3DCRT from 1992 to
2012 who were subsequently referred to a coronary angiography. The CAs were
delineated in the patientsOplanning CTs in the same manner as inpaper I. A
majority of the patients underwent PCI, and registration in the SCAAR
contributed with information on location of stenosis and type of intervention.
Logistic regression analyses were performed segmemntwise to estimate risk of
coronary intervention , and segments receiving 0-1 Gy were used asa reference.
The main finding of paper Il was a significantly increas ed risk of a later coronary
intervention in women receiving mean doses over 20 Gy in mid LADQ compared
to women receiving 0-1 Gyin this segment (OR of 5.23, 95 % CI 2.0213.6). The
combination of dose and follow-up time showed an even higher ORthan dose
alone, (OR 8.21; 95 % CI 2.07-32.5) for mean dose over 15 Gyand follow-up of 8
years andlonger. The distal LAD received the highest radiation dosesbut at this
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location there were few interventions, due to the narrow lumen of the vessel
rendering it technically unfeasible. Thus, the prerequisites to study risk of
intervened stenosis in this segment were not & hand.

Paper Il is to our knowledge the largest retrospective study where the CAswere
delineated in each patientOs original planningCT and radiation doses to these
structures recalculated for each individual patient, using the original dose
distributions . This allows estimation of radiation doses to the specific site where
the stenosis was locded, taking patient-specific anatomy into account. The
information from the SCAAR provided reliable information on location of
coronary stenosis, and alsoconfirmed its clinical significance. The results from
paper | confirmed that the method of delineating the CAs and reconstruct
radiation doses in this cohort, wasreliable.

There are several limitati ons in paper 1l . Close to the treatment target, the dose
gradients are steep,which contribute to uncertainties in small structu res as the
CAs The slice thickness varied from 10-15 mm in the first years of the study
period to 2 mm in the latest years, and the majority of patients had CT scans with
a thickness of 510 mm. Thicker CT slicesresult in fewer dose calculation points
and may contribute to dose uncertainties . As discussed inpaper I, respiratory and
cardiac movements may also affect the actual absorbd dose. Different dose
calculation algorithms were used to recalculate the RT plans, depending on the
local practice of the different radiation departments. The PBalgorithm is known
to overestimate the doses close to low-density regions, suchas thelungs, and this
may affect CAdose estimations (246, 247). However, the RT plans for one woman
with left -sided BC, and right -sided BC, respectively, were recalculated with both
the PB, and CCalgorithms, and only subtle differencesin CA and heart doseswere
shown (Table A-3). Thorsen et al. show similar results, while comparing the PB
and AAA algorithms in BCRT (248).

In agreement with the study by Moignier et al., we confirmed a relationship
between radiation dose to a specific CA segment and a subsequer€A stenosis in
this segment (142). Moignier et al. could quantify an increase in risk of stenosis
per Gy, which yielded an approximately four-fold increase in risk of CA stenosis
at mean doses of more than 30 Gy Unfortunately, we were not able tocalculate
an increase per Gy however, the five-fold increase in risk of stenosis at median
doses of more than 20 Gycorrespond to the results in the study by Moignier et al.
(142). In the large study by Darby et al., the risk of coronary eventsincreased by
7.4 % per Gyin MDH, and they concluded that the MDH was a better predictor
of coronary events than the LAD dose(111) In contrast to paper I, and the study
by Moignier et al., the individual data on dosedistribution and locali zation of CA
stenosiswas not availablein the study by Darby et al, a weakness with the study
contribut ing to uncertainties in their risk estimations (111) van den Bogaard et
al., showed a significant relationship between MHD and acute coronary events,
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that was even stronger for the dose to the left ventricle. The exact location of
coronary stenosis was not taken into account, and theCA were not delineatedin

that study (184). In the study by Darby et al., a significant correlation between

LAD dose andMHD was found. In contrast, no correlation was seen between the
radiation doses to the CAs and the MHD in the study by Moignier et al. (111, 142)
The risk estimates in paper Il were basedon the dose at the localization of CA
stenosis, and we did not calculate risk based on MHD.

The results of paper Il showed a clear relationship between radiation doses in
specific CAsegmentsand subsequent CA stenosisat this location. Basedon these
findings we concludedthat the LAD dose should be considered in RT planning,
and kept as low as possible

Paper Il |

The aim paper Ill was toestimate risk of IHD in a large cohort of women with BC

receiving adjuvant RT during 1992 to 2012. For this purpose, the BCBaSe cohort

was used, allowing comparisons between women with BC and age-matched
women without BC diagnosis. Analyses were performed between women with BC
and women without BC diagnosis, and between women with left-sided BC and
right -sided BC.

At baseline, there was no difference in previous IHD or other comorbidities,
between women with BC and women without BC. At follow -up the risk of IHD

was significantly lower in women with BC compared to women without BC
diagnosis, with a HR of 0.91 (95 % C10.88-0.95). When the women with BC were
stratified for laterality, a HR of 1.18 (95 % CI1.06-1.31) for IHD was seen in
women receiving left-sided RT compared to right-sided RT. The HR was even
higher in women with more extensive lymph node metastass, and in women
receiving endocrine therapy and chemotherapy in addition to RT. In women who
receivedno RT, there were no difference in risk of IHD between womenwith left-
sided BC and right-sided BC, HR 1.00 (95 % CI 0.89-1.11) A higher cumulative

incidence of IHD was observed in womenreceiving left-sided compared to right -
sided RT. The difference was observed within the first years from RT and

continued to increase at longer follow-up.

Strengths with paper Il is the population -based settingand the large size of the
cohort. The cohort of women without BC diagnosis enabled comparisons to the
background population, and the linkage to other registers allowed adjustments
for comorbidities and educational level.

Paper 1ll has several limitations. Causes of death were not analyzed since in
women with BC, dying of BC is in this study design a conpeting risk to developing
IHD, and the analysis comparing women with BC to women without BC diagnosis
may bias the risk of IHD in women with BC . The median follow -up was 8.1 years
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for women with BC and it may be too short to evaluate risk of IHD for women
receiving RT during the latter part of the inclusion period , which was considered
as a further limitation of the study. The lack of information on individual
radiation techniques, doses and target volumes is another limitation with the
study. Most women likely received 3DCRT given with tangential fields, and were
treated before breathing adaption techniques, e.g. DIBH, were implemented.

The findings of a lower risk of IHD in women with BC compared to the
background population, has also been described in previous studies(249, 250).
The women with BC in paper Il had a higher level of education compared to
women without BC diagnosis. Adherence to mammography screaiing, and life-
style related risk factors for IHD, like tobacco smoking, is related to educational
level (175, 251) The analyses were adjusted for educational level, CCI, and
number of previous IHD events, but there may also be other differencesin the
distribution of life -style factors in women with BC, not captured by this
adjustment. Somefactors are negatively associated with IHD but positively with
BC sich as differences in child-bearing pattern, and women with BC may adopta
healthier life -style in following BC diagnosis (14, 252, 253). When the women
with BC were stratified for endocrine therapy, a decreasein risk of IHD was only
seen in women receiving endocrine treatment. Adjuvant treatment with
tamoxifen is related to a decreased risk of cardiovascular disease and this
cardioprotective effect may contribute to the lower risk of IHD seen in the women
with BC (254).

The findings of lower risk of IHD in women with BC compared to women without
BC were mainly observed in women recommended RT and other adjuvant
therapies. Women with BC who received no RT were generally older and had
more comorbidities , including previous IHD , compared to women with BC who
received RT. A selection of healthier women to active therapies has probably
occurred. These results indicate that retrospective studies on cardiac toxicity
comparing women with BC to the background population, or comparing women
selected for different treatments to women who were not, would likely be biased.

Due to the confounding factors related to comparisons betweenwomen with and
without BC diagnosis and between women receiving RT or not, we chose to
compare women with left-sided BC to women with right -sided BC.Older BC RT
regimens are related to an increasein cardiac mortality in women receiving left-
sided RT compared to right -sided RT (161, 162, 164, 167)Thereis little evidence
of an increasein cardiac mortality in women receiving left-sided RT in the 1990s
and 2000s, but in a study by McGale et al.from 2011, an increase in cardiac
morbidity was seenin women receiving left-sided compared to women receiving
right -sided RT (109). Women treated from 1976 to 2006 were studied, and a HR
for IHD of 1.18 (95 % CI1.07-1.30) was seen for the whole cohort and of 1.09 (95
% CI11.00-1.19) for the approximately 22500 women treated during 1990-2006.
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Heart doses were estimatedbased onreconstruction of different regimens on the
CT-scan of one woman, and the estimated MHD was 6.3 Gy for women with left-
sided BC, and 27 Gyin women with right -sided BC(109). The results of the paper
[l are in line with those of the study by McGale et al., and also confirm ed that the
risk persisted in this larger cohort of approximately 37000 women treated during
1992 to 2012.Dosimetry data was not available in paper Il , however, the results
from paper Il showed that 182 women selected from this BC cohort, had
significantly lower MDHs than those estimated in the study by McGale et al(109).
Comparing risk of IHD in left -sided and right-sided RT may underestimate the
total added risk of IHD after RT in BC, since cardiac structures also may receive
radiation dosesat right-sided BC RT, especially in IMN irradiation. In a recent
systematic review of trials from 2010-2015, MHDs were 5.2 Gyand of 3.7 Gy in
left-sided and right-sided BC RT, respectively (124).

The increased risk of IHD seen in women receiving left-sided RT compared to
women receiving right-sided BC RT was even higher in women with more
advanced pathological lymph node status, and in women selected for adjuvant
endocrine therapy and chemotherapy. Women with lymph node metastases most
likely received more extensive RT including axillary and supraclavicular lymph
nodes, and for some patients the IMN, which is associated with higher cardiac
radiation doses (101, 121) In two recently published studies, adjuvant
anthracycline treatment was associatedwith anincreased risk of IHD after RT in
BC, especiallywhen combined with RT to the IM N (110, 192) Since women who
were selected for adjuvant chemotherapy most likely had more advanced
pathological lymph node status, the increased risk of IHD in women receiving
both RT and systeamic therapy has to be interpreted with caution.

The women included in paper Il were treated before DIBH techniques were
implemented in Sweden. DIBH techniques significantly reduce cardiac doses,
and the risk of radiation -induced IHD will likely decreasewhen these, or other
techniques that lower the cardiac doses are used (103, 121) DIBH techniques are,
however, not offered to, or feasible for all patients. Awareness of longterm side
effects is essential in RT planning, to ensure health and quality of life for BC
survivors. The results from paper Il emphasize the importance of fully
implementing techniques or RT regimens, that lower the cardiac doses

Paper IV

The aim of paper IV was to estimate risk of primary LC in women who had
received adjuvant RT for BC during 1992 to 2012. As in paper lll, the BCBaSe
cohort was used. The main finding was an approximately doubled risk of LC in
women receiving RT compared to women without BC diagnosis HR 2.35; 95 %
Cl 1.54-3.59)). The cumulative incidence of LC was higher in women with BC
compared to women without BC, and it was also higher in women receiving BC
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RT compared to women with BC not receiving RT. This difference was observed
after five years from BC diaghosis and continued to increase at longer follow-up.
The LC-specific survival was higher in women with BC.

Strength s of paper 1V are the population -based setting and the large size of the
cohort. Through linkage with other regist ers we were able to adjust for
comorbidity and educational level. A limitation is the relative short follow -up
time. Women with BC had a median follow-up time of 7.9 years, which is short
regarding risk of radiation -induced LC for women receiving RT during the latter
part of the inclusion period. A further limit ation is the lack of information on
smoking status. Information concerning individual radiation doses and targets
was not available in the study, but most of the women have likelyreceived3DCRT,
given with tangential radiatio n fields to the breast or chest wall, still considered
as standard RT in many Swedishclinics. Another limitation is lack of information
on the precise location of LC in relation to the irradiated lung volume , which
affect conclusions on the causality for the increased LC incidence seenin the BC
RT cohort.

Several previous studies show an increased risk of radiation -induced LC (214,
216, 221, 222) Most of these studies included patients treated in the 1970s and
1980swith outdated RT techniques anddosages In paper IV we could show that
theincreased risk of LC after BC irradiation persisted although RT was delivered
with more contemporary RT techniques. In agreement with a recent meta-
analysis by Grantzau et al. (221), an increasing cumulative incidence of LC in
women receiving RT was evident after five years from BC diagnosis and
increased over time. Women with BC in paper IV had better LC-specific survival
compared to women without BC diagnosis. This finding is also described in a
study by Wang et al. (223), and is probably due to more frequent radiolo gy
examinations in women with BC, leading to LC diagnosis at earlier stages and
therefore a better outcome. The LC mortality ratio in ipsilateral vs. contralateral
LC has been studied inlarge population -based studes, showing higher mortality
ratio of ipsilateral LC (162, 214) In the present study the HRs of ipsilateral and
contralateral LC in women receiving RT compared to women without BC
diagnosis, was approximately 3.5 and 2, respectively. A tendency toffer women
with previous BC more extensive examinations may contribute to the increase in
risk of LC, and may be one explanation to the increase in risk of contralateral LC
seen in women receiving RT. The LC incidence is higher in the right lung than the
left lung based on asymmetries in organ size, and likewise the incidence of left
sided BC is higher than that of right-sided BC. This disparity may also affect
analyses based on laterality of the lung or breast(255). Smoking is strongly
related to risk of LC, and several studies suggest that radiation-induced LC may
be related to an interaction between RT and smoking (124, 218, 227, 229)
Unfortunately, smoking status was not available in the present study. The
smoking habits in Sweden have changed over the last decades, and the reported
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smoking incidence in women has decreased from 27 % in the late1980s to 7 %
during 2018 (175). Since smoking habits are related to educational level and
women with BC in paper IV had a higher level of education compared to women
without BC, and there may be fewer smokers among women with BC than the
women without BC.

Breathing adaption techniques are currently used mainly in left -sided irradiation
in order to lower cardiac doses but have also shown to lower the lung dosesin BC
RT (125). A wider use of DIBH techniques, especially in IMN irradia tion, and
other RT techniques that are shown to reduce lung doses, like prone patient
positioning or proton therapy, may lower the risk of LC after BC irradiation , and
for patients with low risk of BC recurrence, partial breast irradiation or omitting
RT may be an option. Relevant information to patients regarding risks of
radiation -induced LC related to smoking and smoking cessation support is of
utmost importance.

Metho do logical considerations

The possibility to generalize observations in a study to other populations is of
great importance and misinterpretations of medical research maylead to severe
consequences.

In paper | , the reliability of the method of delineating CAs was studied.Since the
variance in radiation doses depended on the variance between the observers,
within study subjects, and between the study subjects the ICC was derived as a
measurement of agreement between observersThe ICC reflects both degree of
correlation and agreement between different measurements and is widely used
as areliability index of inter -observerreliability analyses. The estimated radiation
doses are however, dependent of the method used in delineation of the CAs and
a different method of delineation may have affectedthe ICC values. To measure
the spatial distance between the centers of the different delineated CAs a start-
and an end-point was defined. If the start-and end-points would have been
defined with another method, the result may have been different. Paper Il had
a caseonly design and CA segments recéving radiation doses at different dose
levels were compared to segmens that received low doses € 1 Gy). A strength
with this study design is that all particip ants have the actual disease or condition,
and the analysis will not be affected by selection biases a confounding related to
controls. Another advantage compared to a casecontrol study design, is that
fewer study subjects are required and hence less resourcemeeded. This study
design is mainly usedwhen the distribution of a certain exposurein a population
is known and used in place of observations in controls. This condition was not
met in paper Il since the distribution of radiation doses to the different CA
segmentsat BC RT, and the correlation between radiation dose to CA segments
and CA stenosis has not been thoroughly studied. Based on the evidence of
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radiation -induced CA diseasefrom previous studies, we can assume that the
increase in CA stenosis seen at higher CA radiation doses isn fact caused by
irradiation, but due to the chosen study design we cannot exclude that other

exposuresmay affect the results. Paper Ill  and paper IV wereregistered-based
retrospective cohort studies and included women from population -based
registers. The BC registershave high coverage which contribute s with external

validity . However, this validity depends on the quality of the registers. Since the
national INCA register was implemented in 200 8, registration is uniform in the

different health care regions. However, the regional BC registers for the thr ee
health care regions that preceded the INCA held some differences concerning
included variables and registration options. When the BcBaSe cohort wagormed,

a review of the regional registers was performed, and the variables were adjusted
to harmonize with each other. The registration option for some variablescould in

one health care region include the alternatives; yes/no/missing , while in another

health care region included only the alternative; yes, if the actual criterion was
met. These differences intr oduce a potential systematic bias which may have
affected the quality of the data. Moreover, in the regional BC register of the
Northern region , the RT variable was formulated as; Has RT not been given?0
The registration options for this being; yes/no. This was considered asa potential

cause ofmisunderstanding and could have affected the reliability of the data . Due
to this, the women from the Northern region were excluded in the analyses
concerning RT in paper IV.
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Conclusions

¥

It is feasible to delineate the CAs, especiallthe LMCA-LAD, in patientsO
plannin g CT-scans at RT planning

In women receiving 3DCRT for BC between 1992 and 2012, radiation
doses to the LAD remained high and were associated with an
increased requirement of coronary interve ntion in mid LAD. The results
support that radiation dose to the LAD should be considered in RT
treatment planning and kept as low as possible. Minim izing the dose to
LAD is expected to diminish the risk of later radiation -induced stenosis.

There was an increased risk of IHD in women with left-sided BC
compared to right-sided BC, given adjuvant RT during 1992 to 2012
Most of these women likely received 3DCRT with out DIBH techniques.
The risk of radiation -induced IHD is expected to decrease whenDIBH ,
or other techniques that lower the cardiac and coronary dosesare used
The results of this study emphasize the importance of fully implementing
and further developing heart-sparing techniques, without compromising
the target coverage and the beneficial effects of RTEven though the rate
of IHD eventsafter RT is relatively low, long-term side effects of adjuvant
treatment have to be taken into consideration, to ensure health and
quality of life for BC survivors.

There wasan increased risk of LC after BC diagnosisin women receiving
RT for BC during 1992 to 2012. Further dosimetric studies are needed to
address this issue. In the meantime, smoking cessation and
implementatio n of modern RT techniques that lower t he lung doses must
be emphasized to reduce possible risk for secondary malignancies.
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Future implications

The increasing awarenessof long-term side effects o adjuvant RT, and technical
advanceswill likely reduce the risk of radiation -induced cardiac disease andLC.
However, potential side effects of new techniques need to be nonitored, and
further research focused on individualizing therapies according to patient-
specific risk of recurrence and side effects.

Someissueswere raised during the work on this thesis that may be of inter est to
study further .

¥

In order to form recommendations of dose constraints to the CAs at RT
planning, the risk of CA stenosis atdiffer ent doses could be studied in a
larger cohort of women receiving 3DCRT. To be alle to estimate abslute

risk, this study needs to include women who did not develop a CA
stenosis subsequentto RT. This could be studied in a case-cohort study

design, with randomly selected wanen who received RT without a

subsequent CA stenosis

RT delivered with DIBH techniques have shown to reduce the MHD and
the dose tothe LAD. In paper | and paper Il, the doses to the CA segments
were studied and varied considerably between the LMCA, the proximal,

mid, and distal LAD. A relationship between radiation dose and
subsequent CA stenosis was only seen in the mid LAD.It may be of
interest to study the dose distribution to the different CA segmentswhen
DIBH techniques are used. This could also be donefor other heart-
sparing RT techniques, e.g. partial breast irradiation.

Radiation -induced IHD and LC are generally late events andin paper llI
and IV, the relatively short follow -up was acknowledged as a weakness
with the studies. The women were treated during 1992 and 2012 and the
last day of follow-up was December 3% 2013. To study potential late
eventsnot captured in these studies, new analysescan be performed wi th
an extended follow-up.

In paper IV, information on the exact localization of the LC was not
available. The lack of this information, and of dosimetric data affects the
possibility of drawing conclusions about the causality of the increase of
LC seen in women re@iving BC RT. The localization of the LC in relation
to the radiation field may be studied more thoroughly in a casecontrol
study design. Inf ormation on localization of LC, and on other variables of
interest e.g snoking status, may be obtained from the national LC
register.
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Appendix

Table A -1: Snomed codes

Adenocarcinoma: 81403, 82502, 82573, 82503, 85513, 82603, 82653, 82303,
82533, 84803, 83333, 81443, 81403

Squamous cell cancer: 80703, 80713, 80723, 80833, 80703

Small cell lung cancer: 80413, 80453

Table A -2: Range of minimum, median and maximum of m aximum radiation
dose in Gy by laterality of BC for the segments of the coronary arteries, with ICC
for the three different radiation oncologists: A, B, and C. The ICC for a subgroup
consisting of patients with CT slice thickness of 5 mm or less is presented
separately. The RCA, the LMCA and the LAD are shown.

Minimum Median of Maximum All Restricted to
of maximum of patients patients with
maximum dose maximum CT-slices of
dose dose max5 mm
Range for Range for Range for ICC ICC ICC ICC
3 3 3 Right+ Right+
oncologists oncologists oncologists left left
Proximal
RCA
Right-sided BC | 0.6 - 0.9 1.3-1.6 24-27 0.75 0.84 0.75 0.84
Left-sided BC 0.8-10 16-1.6 2.7-3.0 0.90 0.90
Mid RCA
Right-sided BC | 1.3-1.5 21-23 55-9.1 0.61 0.75 0.61 0.75
Left-sided BC 0.2-0.5 1.2-13 26-31 0.84 0.84
Distal RCA
Right-sided BC | 0.5-0.8 1.2-1.8 28-33 0.80 0.83 0.80 0.83
Left-sided BC 0.4-04 0.7-0.8 18-23 0.78 0.78
LMCA
Right-sided BC | 0.2-0.4 0.6-0.6 1.0-11 0.88 0.91 0.88 0.90
Left-sided BC 0.8-0.8 1.3-1.6 25-35 0.82 0.82
Proximal
LAD
Right-sided BC | 0.2-0.3 04-04 0.6-0.7 0.86 0.98 0.85 0.98
Left-sided BC 1.1-1.8 22-28 22.1-24.6 0.97 0.97
Mid LAD
Right-sided BC | 0.0 - 0.1 0.2-0.2 0.4-0.5 0.89 0.92 0.88 0.91
Left-sided BC 3.6-438 16.6- 35.7 45.4-48.5 0.84 0.84
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Distal LAD
Right-sided BC | 0.0 - 0.0 0.1-0.1 0.4-05 0.97 1.00 0.97 0.99
Left-sided BC 16.7- 33.6 47.1-47.5 51.0-51.3 0.85 0.85

The intraclass correlation coefficient (ICC) , theright coronary artery (RCA), the
left main coronary artery (LMCA) and the left anterior descending artery
(LAD).

Table A -3: Maximum and mean doses shown in percent of the planned dose to
the target.

Patient with

left -sided RT Max dose CC Max dose PB Mean dose CC Mean dose PB
Proximal and mid
RCA 45 % 55 % 3.0% 4.0 %
Mid and distal
LAD 92.5% 94.5 % 37.5% 37.5%
Whole Heart
96.0 % 99.0 % 6.5 % 7.0%

Patient with

right -sided RT Max dose CC Max dose PB Mean dose CC Mean dose PB
Proximal and mid
RCA 3.0% 3.5% 15% 25%
Mid and distal
LAD 1.0% 15% 1.0% 1.0%
Whole Heart
5.5% 4.0% 1.0% 1.0%

Radiotherapy (RT), maximum (Max) the right coronary artery (RCA), the | eft
main coronary artery (LMCA) and the le ft anterior descending artery (LAD)
Collapsed Cone (CC), Pencil Beam (PB)
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Table A -4: Patients characteris tics by laterality of the tumo r.

Right -sided Left -sided All p-
BC BC (N=182) value
(N=81) (N=101)
Health Care Region , N (%)
Stockholm 19 (23.5) 28 (27.7) 47 (25.8) 0.33
Uppsala-...rebro 41 (50.6) 40 (39.6) 81 (44.5)
Northern 21 (25.9) 33 (327) 54 (29.7)
Mode of detection, N (%)
Screening detected 36 (44.4) 44  (43.6) 80 (44.0) 0.23
Not screening detected 21 (25.9) 20 (19.8) 41  (22.5)
Missing data 24 (29.6) 37 (36.6) 61 (33.5)
Cancer type, N (%)
Invasive 75 (92.6) 91 (90.1) 166 (91.2) 0.64
In situ 6 (7.4) 8 (79 14 (@7
Missing data 0 (0.0) 2 (2.0) 2 (1.1)
Tumour size, N (%)
120 mm 61 (75.3) 75 (74.3) 136 (74.7) 0.61
20.1-50 mm 15 (18.5) 17 (16.8) 32  (17.6)
>50 mm 2 (2.5) 1 (1.0 3 (1.6)
Missing data 3 (3.7) 8 (7.9) 11 (6.0)
N-stage, N (%)
NO 55 (67.9) 77 (76.2) 132 (72.5) 0.36
N1 15 (18.5) 15 (14.9) 30 (16.5)
N2 0 (0.0) 1 (1.0 1 (05
NX/ Missing data 11 (13.6) 8 (7.9 19 (10.4)
Grade, N (%)
1 13 (23.6) 10 (15.2) 23 (19.0) 0.31
2 26 (47.3) 26 (39.4) 52 (43.0)
3 7 (12.7) 13 (19.7) 20 (16.5)
Missing data 9 (16.4) 17  (25.8) 26 (21.5)
ER-sta tus, N (%)
ER+ 54 (66.7) 66 (65.3) 120 (65.9) 0.97
ER- 11 (13.6) 15 (14.9) 26 (14.3)
Missing data 16 (19.8) 20 (19.8) 36 (19.8)

PR-status, N (%)
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PR+ 44  (543) 48 (475) 92 (50.5)  0.63
PR- 21 (25.9) 28 (27.7) 49 (26.9)
Missing data 16 (19.8) 25 (24.8) 41 (225)

BMI at date of SCAAR
registration

N (%)

Underweight (BMI<20) 2 (2.5) 1 @0 3 (L6 0.76
Normal (BMI 20 -25) 20  (358) 29 (28.7) 58 (31.9)
Overweight (BMI 25 -30) 24 (296) 32 (317) 56 (30.8)

Obese (BMI>30) 14  (17.3) 21 (208) 35 (19.2)

Missing data 12 (148) 18 (178) 30 (16.5)

Smoking status at date of
SCAAR registration , N (%)

Never smoker 35 (43.2) 46  (45.5) 81 (44.5) 0.93
Current/former smoker 38 (46.9) 46 (455) 84 (46.2)

Unknown 8 (9.9) 9 (89 17 (9.3)

Cause of registration , N (%)

PCI 78 (96.3) 94 (93.1) 172 (94.5) 0.52
Angiography 3 3.7) 7 (6.9) 10 (5.5)

Indication , N (%)

STEMI 22 (27.2) 28 (27.7) 50 (27.5) 0.21
NSTEMI 30 (37.0) 25 (24.8) 55 (30.2)

Stable angina 15 (18.5) 24 (23.8) 39 (21.4)

Unstable angina 11 (13.6) 13 (129) 24 (13.2)

Non specified 3 3.7) 11 (10.9) 14 (7.7)

Angiographic findings N (%)
1-branch stenosis not main artery 46 (56.8) 54 (53.5) 100 (54.9) 0.44

2-branches stenosis nd main 23 (28.4) 22 (21.8) 45 (24.7)
artery

3-branches stenosis not main 7 (8.6) 11 (10.9) 18 (9.9)
artery

Main artery stenosis 2 (2.5) 2 (2.0) 4 (2.2)
Normal / atheromatosis 2 (2.5) 9 (8.9) 11 (6.0)
Missing data 1 1.2) 3 (3.0 4 (2.2)

Breast cancer (BC), number (N), estrogen receptor (ER), progesterone receptor
(PR), Swedish Coronary Angiography and A ngiopla sty Register (SCAAR), body
mass index (BMI), percutaneous coronary intervention (PCI), ST elevation
myocardial in farction (STEMI), non-ST devation myocardial in farction
(NSTEMI).
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Table A -5: Distribution of maximum (max) and mean radiation dose
exposures in all women6presented for each coronary segment, summarised in
descriptive statistics using minimum, first quartile (Q1), median, third q uartile
(Q3), and maximum.

Max dose in segment Mean dose in segment

min Q1 median Q3 max min Q1 median Q3 max

All women (N=182)

Proximal

RCA 0.0 1.2 15 21 232 0.0 0.9 1.2 1.7 9.2
Mid RCA 0.1 1.0 1.6 22 278 0.0 0.7 1.1 1.7 59
Distal RCA 0.0 0.7 1.0 1.4 3.6 0.0 0.5 0.7 1.0 2.3
LMCA 0.0 0.7 1.0 1.4 1938 0.0 0.6 0.8 1.1 184
Proximal

LAD 0.0 0.6 1.3 20 264 0.0 0.6 1.1 1.6 17.2
Mid LAD 0.0 0.6 3.3 10.7 51.0 00 05 2.1 3.7 39.6
Distal LAD 0.0 0.7 5.7 456 56.7 00 04 3.4 30.2 52.6
Proximal

LCX 0.0 0.6 1.1 1.4 196 00 04 0.9 1.3 9.6
Heart 0.7 3.8 40.4 479 575 0.0 0.7 1.4 2.8 10.0

Right-sided breast cancer (N=81)

Proximal

RCA 0.1 1.3 1.7 2.2 4.7 0.1 0.8 1.3 1.7 35
Mid RCA 0.1 1.7 2.2 27 278 01 13 1.6 2.0 59
Distal RCA 0.1 1.0 1.3 1.7 3.6 0.0 0.6 0.9 1.2 2.3
LMCA 0.0 0.4 0.7 1.0 16.3 00 04 0.6 0.9 4.1
Proximal

LAD 0.0 0.3 0.6 0.9 2.2 0.0 0.2 0.5 0.8 2.1
Mid LAD 0.0 0.2 0.5 0.9 2.5 00 01 0.5 0.8 2.3
Distal LAD 0.0 0.1 0.5 0.9 2.5 00 01 0.3 0.8 2.3
Proximal

LCX 0.0 0.3 0.6 0.8 2.0 0.0 0.2 0.4 0.7 1.8
Heart 0.7 29 35 5.2 41.5 00 04 0.6 1.0 2.3

Left-sided breast cancer N=101)
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Proximal
RCA

Mid RCA
Distal RCA
LMCA

Proximal
LAD

Mid LAD
Distal LAD

Proximal
LCX

Heart

Theright coronary artery (RCA), the | eft main coronary artery (LMCA)

0.0
0.1
0.0
0.0

0.1
0.2
1.8

0.0
1.8

1.2
0.8
0.5
1.0

1.6
4.7

27.9

11
45.0

15
11
0.8
1.2

2.0
7.9

44.8

14
47.3

1.9
15
1.1
1.6

2.4
34.6
48.1

1.8
49.4

23.2
6.7
2.8

19.8

26.4
51.0

56.7

19.6
57.5

00 10
0.0 0.6
00 04
0.0 0.8
01 12
01 24
15 7.0
0.0 0.9
01 17

11
0.8
0.6
1.0

15
3.6

26.7

1.2
2.7

1.7 9.2
1.1 33
09 23
1.3 184
19 172
6.2 39.6
410 526
15 96
42 10.0
, the left

anterior descending artery (LAD) , and the left circumfle x artery (LCX).

Table A -6: OR of intervention by coronary artery segment for maximum

doses
Maximum Number of Number of Crude analysis Adjusted model*
dose women events
Proximal RCA OR 95% ClI OR 95% ClI
0-2 Gy 129 25 1.00 Ref. 1.00 Ref.
>2 Gy* 53 11 1.00 (0.49-203) 119 (0.56 - 2.57)
Mid RCA
0-2 Gy 124 36 1.00 Ref. 1.00 Ref.
2-5 Gy 58 8 044 (0.20-0.95) 050 (0.22-1.12)
Distal RCA
0-2 Gy 163 14 1.00 Ref. 1.00 Ref.
2-5 Gy 19 2 1.06 (0.24-4.68) 134 (0.27 - 6.59)
LMCA
0-2 Gy 169 4 1.00 Ref. NA
2-5 Gy 13 1 3.12 (0.35-27.9)
Proximal LAD
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0-2 Gy 139 33 1.00 Ref. 1.00 Ref.

2-5 Gy 43 11 1.05 (0.53-2.08) 1.19 (0.58 - 2.47)
Mid LAD

0-2 Gy 81 19 1.00 Ref. 1.00 Ref.

2-10 Gy 53 13 1.00 (0.50-2.03) 0.95 (0.46-1.96)
10-40 Gy 28 9 167 (0.76-3.70) 143 (0.63-3.22)
40-51 Gy 20 11 249 (1.18-5.23) 248 (1.07-5.74)
Distal LAD

0-2 Gy 81 2 1.00 Ref. NA

2-40 Gy 33 1 1.28 (0.12-14.13)

40- 57 Gy 68 4 231 (0.42 - 12.60)

Proximal LCX

0-2 Gy 162 28 NA NA

2-5 Gy 20 0

*Adjusted for age at breast cancer (BC) diagnosis, year of BC diagnosis, year of
registration in Swedish Coronary Angiography and A ngiopla sty Register
(SCAAR), endocrine therapy, chemotherapy, body mass index, and smoking
status. #Less than 2 % of the women had doses above this limit &Less than 3 %
of the women had doses above thislimit.

The right coronary artery (RCA), the left main coronary artery (LMCA), the left
anterior descending artery (LAD), the left circumflex artery (LCX), odds ratio
(OR), confidence interval (Cl), Gray (Gy), reference (Ref.), and non applicable
(NA).
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Table A -7:!0R of coronary event by time since RT start and estimated mean
and maximum radiation doses to the mid LAD.

Time since RT sta rt
0-4 years 4-8 years 8 years+

('\j"ea” No.of | o | o506t | NO-OF | or | 95061 | NO-OF | oR 95 % Cl

ose events events events
0-5 (0.55 - (0.39 -
oy 15 1.00 | Ref. 13 1.16 2.45) 9 0.90 2.08)
5-15 (0.71- (0.08 - (0.31-
oy 5 2.03 5.78) 1 0.60 4.65) 2 1.48 6.95)
15+ (1.71- (0.00 - (2.07 -
o 4 5.33 16.6) 0 0.00 % 3 8.21 32.5)
('\j"ax No.of | o | o506t | NO-OF | or | 95061 | NO-OF | oR 95 % Cl

ose events events events
0-10 (0.57 - (0.32 -
oy 13 1.00 | Ref. 12 1.26 277) 7 0.8 2.04)
10- (0.88 - (0.07 - (0.32 -
40 6 2.36 6.37) 1 0.54 4.16) 2 1.49 6.88)
Gy
40+ (0.98 - (0.1 (1.72-
b 5 2.87 8.42) 1 0.86 6.85) 5 5.39 16.9)

Radiotherapy (RT), Gray (Gy), numbers (NO.), odds ratio (OR), confidence

inter val (ClI).

Table A -8: Baseline characteristics of women with BC, and women without BC

diagnosis.

BC No BC Total
(n=52,300) (n=253,796) (n=306,096)
FU-time, mean (sd
' (sd) 79 (5.5) 88  (5.6) 86 (5.6)
Health care region, n
(%)
Stockholm
24,740 (47.3) 120,164 (47.3) 144,904 (47.3)
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Uppsala/...rebro

24,305 (46.5) 117,922 (46.5) 142,227 (46.5)
Northern

3,255 (6.2) 15,710 (6.2) 18,965 (6.2)
Year of diagnosis, n
(%)
1992-1997

11,801 (22.6) 57,529 (22.7) 69,330 (22.6)
1998-2002

11,660 (22.3) 56,739 (22.4) 68,399 (22.3)
2003-2007

12,684 (24.3) 61,527 (24.2) 74,211 (24.2)
2008-2012

16,155 (30.9) 78,001 (30.7) 94,156 (30.8)
Age at study start, n
(%)
<45

5,081 (9.7) 25,237 (9.9) 30,318 (9.9)
45-54

11,147 (21.3) 55,137 (21.7) 66,284 (21.7)
55-64

13,742 (26.3) 66,906 (26.4) 80,648 (26.3)
65-74

11,625 (22.2) 55,800 (22.0) 67,425 (22.0)
75-84

7,405 (14.2) 35,146 (13.8) 42,551 (13.9)
85+

3,287 (6.3) 15,570 (6.1) 18,857 (6.2)
Marital Status, n (%)
Married

26,274 (50.2) 127,223 (50.1) 153,497 (50.1)
Not married

26,026  (49.8) 126,573 (49.9) 152,599 (49.9)
Level of education, n
(%)
low

15,974 (30.5) 83,128 (32.8) 99,102 (32.4)
middle

19,571 (37.4) 96,096 (37.9) 115,667 (37.8)
high
9 14,839 (28.4) 63,841 (25.2) 78,680 (25.7)
missing

1,916 (3.7) 10,731 (4.2) 12647 (4.1)
CCl, n (%)
0

45,631 (87.2) 221,969 (87.5) 267,600 (87.4)
1

4,368 (8.4) 21,569 (8.5) 25,937 (8.5)
2

1,380 (2.6) 6,489 (2.6) 7,869 (2.6)
3+

921 (1.8) 3,769 (1.5) 4,690 (1.5)

Breast cancer (BC), follow-up (FU), standard deviation (sd), number (n),
Charlson comborbidity index (CCI).
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Table A -9: Baseline characteristics for women with BC, stratified by RT.

RT No RT Total
(n= 34, 418) (n= 17,882) (n=52,300)
Age, n (%)
150
9,014 (26.2) 2,526 (14.1) 11,540 (22.1)
51-60
10,168 (29.5) 2,542 (14.2) 12,710 (24.3)
61-70
10,028 (29.1) 3,262 (18.2) 13,290 (25.4)
71-80
4,485 (13.0) 4,171 (23.3) 8,656 (16.6)
81+
723 (2.1) 5,381 (30.1) 6,104 (11.7)
T-stage, n (%)
TO
5,383 (15.6) 1,673 (9.4) 7,056 (13.5)
Tl
17,693 (51.4) 6,984 (39.1) 24,677 (47.2)
T2
9,128 (26.5) 7,058 (39.5) 16,186 (30.9)
T3
1,525 (4.4) 1,072 (6.0) 2,597 (5.0)
T4 403 (1.2) 661 (3.7) 1,064 (2.0)
X
286 (0.8) 434  (2.4) 720 (1.4)
N-stage, n (%)
NO
19,764 (57.4) 9,576 (53.6) 29,340 (56.1)
N1-3
8,593 (25.0) 2,653 (14.8) 11,246 (21.5)
N4+
4,433 (12.9) 781 (4.4) 5,214 (10.0)
Not recorded
1,628 (4.7) 4,872 (27.2) 6,500 (12.4)
ER -status, n (%)
ER+
25,292 (73.5) 11,290 (63.1) 36,582 (69.9)
ER-
5,695 (16.5) 2,305 (12.9) 8,000 (15.3)
Missing
3,431 (10.0) 4,287 (24.0) 7,718 (14.8)
PR-status, n (%)
PR+
21,275 (61.8) 9,319 (52.1) 30,594 (58.5)
PR-
9,503 (27.6) 4,117 (23.0) 13,620 (26.0)
Missing
3,640 (10.6) 4,446 (24.9) 8,086 (15.5)
Surgery, n (%)
No surgery
27 (0.1) 2,137 (12.0) 2,164 (4.1)
BCS
25,029 (72.7) 3,258 (18.2) 28,287 (54.1)
Mastectomy
9,245 (26.9) 11,912 (66.6) 21,157 (40.5)
Missing
117 (0.3) 575 (3.2) 692 (1.3)
BC laterality, n (%)
Left
17,470 (50.8) 9,332 (52.2) 26,802 (51.2)

97



Right

UNS

Endocrine therapy, n
(%)

Yes

No

Chemotherapy, n (%)
Yes

No

Trastuzumab, n (%)
Yes

No

CCl, n (%)

0

1

2

3+

0

16,670
278

23,340
11,078

12,208
22,210

1,503
15,240

31,800
1,970
427
221

(48.4)
(0.8)

(67.8)
(32.2)

(35.5)
(64.5)

(9.0)
(91.0)

(92.4)
(5.7)
(1.2)
(0.6)

8,372
178

10,203
7,679

2,699
15,183

375
6,942

13,831

2,398
953
700

(46.8) 25,042

(1.0)

456

(57.1) 33,543
(42.9) 18,757

(15.1) 14,907
(84.9) 37,393

(6.1)

1,878

(94.9) 22,182

(77.3) 45,631

(13.4)
(5.3)
(3.9)

4,368
1,380
921

(47.9)
(0.9)

(64.1)
(35.9)

(28.5)
(71.5)

(7.8)
(92.2)

(87.2)
(84)
(2.:6)
1.8

Breast caner (BC), radiotherapy (RT), n umber (n), tumour status (T -stage),
pathological lymph node stage (N -status), estrogen receptor status (ER-status),
progesterone receptor status (PR-status), Charlson comorbidity index (CCI).

UOnly for women diagnosed 2005 -2012.

Table A -10: Risk of LC in women with BC compared to women without BC
diagnosis, restricted to patients with previous CPD.Conditioned on 5-year event
free survival and restricted to women undergoing for surgery BC and their
comparison women without BC diagnosis.

No. events Inc. per Crude Adjusted #

100000

pyrs HR 95 % CI HR 95 % CI
BC
No BC 15 131.8 1.00 Ref. 1.00 Ref.
BC 6 2222 168 (0.65-4.34) 179 (0.69-4.62)
RT
No BC 15 1318 1.00 Ref. 1.00 Ref.
BC, No RT 2 2115 1.58 (0.36-6.94) 1.62 (0.37-7.16)
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BC, RT 4 228.0 1.74 (0.58-5.23) 1.89 (0.62-5.71)
N-stage

No BC 15 1318 1.00 Ref. 1.00 Ref.

BC NO 4 2417 1.83 (0.61-5.51) 1.89 (0.63-5.69)
BC N13 1 163.6 1.24 (0.16-9.41) 1.34 (0.18-10.20)
BC N4+ 0 0.0 0.00  (0.00-Inf) 0.00  (0.00-Inf)
BC NX 1 4211 3.16 (0.42-23.97) 3.91 (0.49-30.93)
Endocrine treatment

No BC 15 1318 1.00 Ref. 1.00 Ref.

BC, No Endo 2 1849 1.41 (0.32-6.18) 1.45 (0.33-6.35)
BC, Endo 4 2472 1.86 (0.62-5.62) 2.03 (0.67-6.17)
Chemo therapy

No BC 15 1318 1.00 Ref. 1.00 Ref.

BC, No Chemo 5 2214 1.68 (0.61-4.61) 1.78 (0.64-4.93)
BC, Chemo 1 2264 1.72 (0.23-13.01) 1.84 (0.24-14.35)
ER-status

No BC 15 1318 1.00 Ref. 1.00 Ref.

BC, ER+ 1 571 042 (0.06-3.22) 0.45 (0.06-3.42)
BC, ER 1 2127 1.65 (0.22-12.47) 1.70 (0.22-12.91)
BC, missing ER 4 8351 6.61 (2.18-20.04) 7.16 (2.36-21.73)
PR-status

No BC 15 1318 1.00 Ref. 1.00 Ref.

BC, PR+ 1 60.3 045 (0.06-3.42) 0.48 (0.06-3.63)
BC, PR 1 179.7 1.37 (0.18-10.36) 1.42 (0.19-10.85)
BC, missing PR 4 8236 6.47 (2.14-1959) 7.05 (2.33-21.37)

Lung cancer (LC), breast cancer (BC), chronic pul monary disease (CPD), hazard
ratio (HR), n umber (No.), incidence (Inc.), person years (pyrs), radiotherapy
(RT), pathological lymph node stage (N -status), estrogen receptor status (ER-
status), progesterone receptor status (PR-status), endocrine therapy (en do),
chemotherapy (chemo), Charlson comorbidity index (CCI). #Adjusted for age,
educational level, CPD, and CCI except CPD.
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