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Abstract

Breast cancer is the most common cancer in women. Due to early diagnosis,
surgery and improvements in adjuvant treatment options, the prognosis of this
disease today is excellent, as breast cancer has a 5-year survival rate of 90%. In
Finland, more than 67 000 breast cancer survivors were alive in 2015 according to

Finnish Cancer registry data.

However, adjuvant cancer treatments may cause side effects, which diminish the
later quality of life. In addition, long-term treatment-related side effects cause
increases in non-breast cancer-related morbidities and mortality. Adjuvant breast
cancer radiotherapy, especially left-sided radiotherapy, is known to cause later
cardiac morbidity and mortality. Clinically detectable radiation-induced
cardiotoxicity begins emerging after 5-10 years and presents clinically as coronary
artery disease, valvular dysfunction or heart failure.

Exposure of heart to adjacent cardiac radiation during left-sided adjuvant breast
cancer radiotherapy is shown to dose-dependently increase the risk of later
cardiovascular diseases. No safe cardiac radiation dose has been identified. In
addition, other patient and treatment related factors, such as prior chemotherapy,

obesity, hypertension and smoking, affect the later cardiac risk.

This study was designed to evaluate the acute effects of radiation and
concomitant or prior medication therapy on cardiac function and biomarkers and
to enhance cardioprotection during adjuvant breast radiotherapy. In left-sided
breast cancer patients, we observed subclinical changes in echocardiographic
parameters already immediately after radiotherapy. In addition, we observed that
concomitant aromatase inhibitor use induced more profound changes in
echocardiography parameters than radiotherapy alone. Myocardial damage, as
measured via serum troponin levels, was observed in 20% of patients, and the
release was correlated with higher cardiac radiation doses. Furthermore, the daily
reproducibility of the heart-sparing deep inspiration breath hold radiotherapy was

improved with a new marker block placement and correction of the breath hold



level by image guidance. These procedures led to a significant decrease in cardiac

radiation doses.



Tiivistelma

Rintasy6pi on linsimaiden yleisin naisten syOpdsairaus. Ennuste on kuitenkin hyvi,
kiitos varhaisen diagnosoinnin, hyvin kirurgian ja tehokkaiden liitinndishoitojen.
Viiden vuoden kohdalla rintasypidiagnoosista elossa on 90% naisista. Vuoden
2015 Syopirekisteritietojen mukaan Suomessa olikin elossa yli 67 000 rintasyovin
lipikdynyttd naista.

Rintasyovin liitinndishoidot eivdt kuitenkaan ole haitattomia. Akuuttien
haittavaikutusten lisdksi potilaille voi jdddd myds eliminlaatua alentavia
pitkdaikaishaittoja. Haittavaikutukset voivat my6s lisitd muiden sairauksien riskii ja
kuolleisuutta. Liitinndissidehoidon —erityisesti vasemman rinnan sidehoidon- on
todettu lisddvin sekd syddnsairauksien esiintyvyyttd, ettd riskid kuolla
sydidntapahtumiin nuorempana. Sddehoidon aiheuttamat sydinhaitat tulevat
oireisina esiin tyypillisesti 5-10 vuoden viiveelld itse hoidosta. Niitd syddnhaittoja
ovat mm. sepelvaltimoiden ahtaumat, lippéviat ja syddmen vajaatoiminta.

Rinnan liitinndissidehoidossa syddn pyritddn mahdollisimman hyvin suojaamaan
hoidon aikana. Se on tirkedd, silli myohempien sydintapahtumien riski on
annosriippuvainen: miti suurempi on sydimen saama keskisideannos, sitd
suurempi on myohempi riski. Téysin sydinturvallista annosrajaa ei tutkimuksissa
ole voitu osoittaa. Sddeannoksen lisdksi syddnsairastuvuuteen vaikuttavat myds
muut tekijit, kuten muu toteutettu syépilidkehoito, obesiteetti, verenpainetauti tai
tupakointi.

Tdmain tutkimuksen tarkoituksena oli seurata rintasyovin sidehoidon aiheuttamia
akuutteja muutoksia syddmen toimintaan ja kiertiviin biomarkkereihin. Lisiksi
arvioimme samanaikaisten tai aiempien lddkitysten merkitystd niihin havaittuihin
muutoksiin sekd tarkastelimme keinoja parantaa hoidonaikaista toistettavuutta
rintasy6vian  hengitystahdistetussa  sddehoidossa. Vasemmanpuoleisen —rinnan
sidehoidon saaneilla potilailla totesimme subkliinisia muutoksia sydimen
toiminnassa syddmen ultraddnitutkimuksella jo heti sidehoidon péityttya.

Samanaikainen lidkehoito aromataasi-inhibiittorilla syvensi osaa ndistd havaituista



muutoksista. Seerumin troponiini-pitoisuus nousi merkkind sydinlihasvauriosta
viidesosalla potilasta sidehoidon aikana ja niilli potilailla sydimen saama
sideannos oli merkittivisti suurempi kuin muilla potilailla. Lisiksi havaitsimme,
ettd hengitystahdistetussa rinnan siddehoidossa pdivittdinen hoidon toistettavuus
parani asettamalla seurantakuutio rintalastan pdille palletason sijaan seki
korjaamalla  hengityskorkeuden  asetuksia  hoidon aikana  hoitokoneen
kuvausprotokollan avulla. Niin toimien hoidon aiheuttamia syddnannoksia saatiin
merkittdvisti pienennettya.
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1 Introduction

Breast cancer is the most common cancer in women, as 1,67 million new cases
were diagnosed globally in 20121, In Finland, over 5000 new breast cancers and
additionally almost 400 new ductal carcinoma in situ (DCIS)-lesions were found in
2014, cotresponding to a breast cancer incidence of 95.7/100 000 person years2.
Although breast cancer is the most frequent cause of cancer death in Finnish
women, the mortality of breast cancer is rather low and the disease has an excellent
5-years survival rate of 90%?3. As a consequence, more than 64 000 breast cancer
survivors were alive in Finland as of 2013 - constituting 1.2% of the country’s

entire population®.

The global breast cancer incidence has been steadily rising during recent
decades!. The reasons for and epidemiological risk factors associated with this
increase have been widely sought to find means of prevention. Thus far, obesity5S,
metabolic syndrome’, smoking®, alcohol consumption?, nulliparity!®, lack of
breastfeeding!! and prolonged hormonal replacement therapy with both oestrogen
and progesterone!? are recognized as factors that increase the risk of breast cancer.

Improvements in breast cancer treatment results and decreases in breast cancer-
related mortality! despite increases in its incidence have been attributed to a
combination of awareness, education and screening'’ as well as better adjuvant
treatment options!#18.  Surgery is the cornerstone of early stage breast cancer
treatment. Patients treated with breast conserving surgery and adjuvant
radiotherapy (RT) exhibit 10-year overall survival (OS) rates similar to those treated
with total mastectomy only!®. The excision margins, irrespective of the surgery
type, must be free of tumor cells?). Adjuvant treatment decisions after surgery are
based on the size of the primary tumor, tumor biology, local invasion, nodal status
and patient’s age and comorbidities. If the risk of local or systemic cancer
recurrence justifies chemotherapy, targeted therapy or endocrine therapy use in the

adjuvant setting, then these treatments are offered to patients?!.
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The general idea of adjuvant breast cancer RT was presented in the early 20th
century??2. At that time, RT was administered after mastectomy and axillary
dissection, although the first randomized trials raised questions regarding the actual
benefit?3. As breast-conserving surgery was introduced in the 19807s, trials were
carried out whether RT would be beneficial in the treatment of the remaining
breast tissue. Significant benefits were observed with adjuvant RT even in the first
trials?. Today, adjuvant RT is routinely used after breast conserving surgery? and
in node-positive patients after mastectomy?26.

Adjuvant breast cancer RT, especially left-sided, increases the risk of cardiac
morbidity and mortality later in life2”3!. Clinically detectable radiation-induced
cardiac side effects begin emerging after 5-10 years. These side effects include
coronary artery disease (CAD), acute myocardial infarction (AMI), systolic or
diastolic chronic heart failure (CHF), valvular insufficiency and conduction
abnormalities3233. Higher cardiac radiation doses are shown to correlate with an
increased risk of later cardiovascular disease (CVD) development 2. Furthermore,
this later CVD risk increases in patients with pre-existing cardiac risk factors such
as obesity, smoking, diabetes, hypercholesterolemia and hypertension as well as in
patients who have received previous cardiotoxic chemotherapy and adjuvant
endocrine treatment2932,

Three-dimensional (3D) planning in RT and the implementation of new
techniques such as deep inspiration breath hold (DIBH) help to decrease the
cardiac doses during the adjuvant breast RT34. However, no safe cardiac radiation
threshold has been established and complete cardiac avoidance is not possible in all

patients.

In this non-randomized observational study, we aimed to characterize the acute,
subclinical cardiac changes occurring immediately after RT in breast cancer
patients. Cardiac serum marker measurements, electrocardiography (ECG),
echocardiography and 24-hour rhythm monitoring (Holter) were performed at
baseline and after RT. In addition, in patients receiving adjuvant chemotherapy,
these evaluations were repeated between chemotherapy and RT. Baseline factors
and concurrent medications were documented to evaluate the possible additive or,

potentially, protective effects.
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In addition, the implementation and the reproducibility of a new cardiac-sparing

RT technique were evaluated.
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2 Review of the literature

2.1 Breast cancer treatment

2.1.1  Detection

Early breast cancer can be identified either via palpation (palpable lump or other
changes in breast or skin appearance) on self- or physician-administered breast
examinations or via mammography screening. The benefits and harms of breast
cancer screening with mammography every two years have been widely discussed
during the last few years. There is, however, indisputable evidence that
mammography screening reduces breast cancer mortality by 16-20%3%-38. A new
lesion detected in mammography is usually verified with an ultrasound and
biopsied for histopathological analysis. Breast magnetic resonance imaging (MRI)
can be used in selected patients in screening, such as childhood cancer survivors
with a history of prior thoracic radiation exposure® or BRCA-mutation carriers?,
but a wider use of MRI in the general population is not cost-effective*!.
Furthermore, radiology is essential for verifying and marking the tumor location

prior to surgery in patients with non-palpable breast lesions 42.

21.2  Surgery

Surgery was suggested as a treatment for breast cancer as early as in the first
century®#. However, before the discovery of general anesthesia in 184645, most
patients rather chose to decline this brutal operation. Lymphatic spread of breast
cancer cells to adjacent lymph nodes was recognized already in the 16th century*3.
The first systematic mastectomies were performed during the 1850°s, and surgeons
soon discovered the need for lymph node dissection to improve the treatment
results*. Halsted described a series of operated breast cancer patients in 18904 and
the presented radical mastectomy-technique?’ was considered as a standard

procedure for many decades thereafter®.
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Breast-conserving surgery combined with adjuvant RT has been shown to be as
effective as total mastectomy in patients with an early stage breast cancer!?4849,
Breast-conservation is also shown to be safe among younger patients®), in primary
tumors exceeding 5 cm (T3)51, in triple-negative subtype? and even in multifocal
tumors confined in the same segment of the breast®. In patients eligible for breast-
conserving surgery, the final surgical decision should be based on patient’s
preferences>*. However, it is shown that surgical procedures vary among
institutions based on the subspecialties of surgeons®. The width of necessary
surgical margins around the tumor has been recently evaluated by
ASCO/SSO/ASTRO with a consensus that "no ink" on the matgin is sufficient,
e.g. surgical margins are negative of tumor cells2). New oncoplastic techniques may
help to achieve breast conserving surgery in patients with large or multifocal
tumors and to maintain breast aesthetics>0. The St Gallen consensus panel in 2013
identified the breast cancer patient group, with whom caution should be exercised
when these patients opt for breast-conserving surgery. The identified risk factors
were a very young age (<35 years), an extensive DCIS component or a severe

contraindication of RT%7.

2.1.3  Sentinel node and axillary lymph node dissection

Increased knowledge of the breast lymphatic drainage and the first observations of
the later-named sentinel node were made as early as 1970%. However, it took
almost 30 years until the idea of staging of breast cancer with a sentinel node
biopsy became reality®60. Malignant cells in the sentinel node can be ecither the
only site of breast cancer dissemination, in which case locoregional surgery or RT
can cure affected patients, or it can represent the first signs of systemic disease
dissemination®!. Omitting axillary lymph node dissection (ALND) from sentinel
node negative patients saves the breast cancer patients from major arm morbidities
(oedema, restricted function) without increasing the risk of cancer recurrence62-64,
During the last two decades, sentinel node biopsy (SNB) has become the standard

of care in clinically node-negative patients.
During recent years, there has been a shift in the surgical community towards

omitting ALND also in SNB-positive patients when only isolated tumor cells or

micrometastases are detected®>6. However, the presence of an occult
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micrometastasis (<2 mm) is an independent risk factor for OS and disease free
survival (DFS)¢7 and must be taken into account during the adjuvant treatment
planning. As the majority of patients in the SNB-trials¢>6¢ also received adjuvant
breast RT, a trial was designed to compare ALND to adjuvant RT covering also
the lymph node regions in the axilla and supraclavicular area in clinically node-
negative, but SNB-positive patients. This AMAROS trial demonstrated excellent
local control in both groups as well as significantly less arm morbidity in RT-only
patients than in ALND-patients%s.

ALND is routinely performed in patients with preoperatively detected positive
axillary lymph nodes (with or without neoadjuvant chemotherapy®’) and in patients

with inflammatory breast cancer0.

2.1.4  Histo- and molecular pathology

Pathology reports aim to characterize breast tumors first by morphological
features: invasive or non-invasive (in situ); ductal, lobular, papillar, medullar or
other subtype carcinomas and by the tumor grade according to WHO
classifications’.72, The tumor size is measured and the presence of lymphovascular
or neuronal invasion is reported, as well as the adjacent margins in all directions.
Furthermore, immunohistochemistry (IHC) is used to evaluate and quantify the
estrogen receptor (ER) and progesterone receptor (PR) expression in breast cancer
cells’3. Human epidermal growth factor 2 (Her2) expression in identified either
using IHC or, preferably, using 7z situ hybridization (ISH) technology’™. The tumor
mitotic activity is often characterized with Ki67-monoclonal antibodies. The Ki67-
protein is associated with cell proliferation and is present in all cell cycle phases
except resting phase”. The percentage of Ki67-stained cells therefore represents
breast cancer mitotic activity, which varies from <10% in slow growing tumors to
99% in highly aggressive tumors. In addition, Ki67 expression has prognostic

significance’®.

With the help of gene expression profiling, breast cancers can be divided into
four main intrinsic molecular subtypes: Her2-enriched, luminal A, luminal B and
basal-like” (Table 1). Combining the evidence of these subtypes’ with clinical
characteristics™ (tumor size, grade, invasion, nodal status, age), pethaps with the

use on nomograms® or web-based databases®!, may enable clinicians to estimate
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the risk of relapse on an individual level and discuss the adjuvant treatment options

with affected patients.

Subgroup Receptor status

ER PR Her2 KI67
Luminal A + + <20%
Luminal B + +/- +/- >20%
Her2-enriched - - + High
Triple negative/Basal-like - - - High

Table 1. The molecular subgroups of breast cancer based on the 2013 St. Gallen consensus®2.

2.1.5  TNM-staging

The American Joint Committee of Cancer (AJCC) updates the tumor, node and

metastasis (TNM) staging system for different cancers. It is internationally accepted

system used to determine prognosis and guide oncological management in

different cancers. The current TNM staging for breast cancer, which is from the
7th AJCC edition®3, is presented in Supplementary table 1 (page 132).
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2.1.6  Adjuvant endocrine therapy

Oophotrectomy was found to have impact on inoperable advanced breast cancer in
the late 19th century$t. In 1895 doctor George Thomas Beatson performed and
later reported the first oophorectomy intended to treat breast cancer®s. Stanley
Boyd followed Beatson’s lead and adopted this new therapy as well as speculated
"that internal secretion of the ovaries in some cases favors the growth of the cancer’ 6. Boyd later
reported, that one third of the oophorectorized patients had clinical benefit7.
However, oophorectomy was associated with major surgery-related risks in the
ecarly 20th century and was somewhat discouraged for several decades with the
introduction on radiation induced ovarian ablation. Finally, the idea was translated
also to the adjuvant setting with positive reports®s. An EBCTCG meta-analysis in
1992 demonstrated a clear benefit of ovarian ablation in premenopausal patients as
an adjuvant treatment modality (26% reduction in recurrence and 25% reduction in

morttality) .

As the ER and its inducing function in breast cancer cells was discovered in
19707s 9092 the scientific community and pharmaceutical industry quickly began to
develop ER antagonizing drugs (antioestrogens) to treat advanced breast
cancer?394, In addition, adjuvant trials were started early on and the rationale was
summarized in 1976 British Medical Journal by Basil A. Stoll, who made the five
following points: 1. Clinical benefit of chemotherapy was observed in adjuvant
setting 2. New antioestrogens were beneficial in advanced breast cancer 3.
Hormonal treatment was more effective when carried out early in the setting of
minimal tumor burden 4. Endocrine treatment has a selective mechanism of action
and 5. ER-positivity (ER+) could be recognized in breast cancer cells with staining.
95 The first clinical adjuvant trials made with tamoxifen were reported a few years
later?697, demonstrating already the benefits of adjuvant antiestrogen treatment.
The 1998 EBCTCG meta-analysis regarding adjuvant tamoxifen further established
the significance of the endocrine therapy: adjuvant tamoxifen trials of 1 year, 2
years and 5 years of use demonstrated proportional reductions in the 10-year
recurrence rates of 21%, 29% and 47%, respectively. The proportional reductions
in 10-year OS were 12%, 17% and 26%, respectively, showing a significant benefit
with increasing treatment times (p<<0.01)?. Similar efficacy in the adjuvant
treatment setting was observed with another selective ER modulator (SERM),
toremifene??.100, Tamoxifen was considered the standard of care in both pre- and

postmenopausal patients until the era of aromatase inhibitors.
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Blocking of estrogen synthesis in the adrenal cortex or extraglandular tissue was
first attempted with aminoglutethimide, a novel aromatase inhibitor (Al). In trials,
it was as effective as tamoxifen but induced more side-effects!01.102, Furthermore, it
was only as effective as a previously used hormonal therapy, high dose
medroxyprogesterone acetate (MPA), when admistered after tamoxifen!03. Most of
the trials with aminoglutethimide were conducted in the 1980"s and more selective
aromatase inhibition was sought to improve the results with less toxicity.
Exemestan, an irreversible Al was reported to decrease the estrogen levels without
decreasing cortisol or aldosterone levels in 1992104, Soon, the trials involving
letrozole!%5 and anastrozole!® reported near complete aromatase enzyme inhibition
in postmenopausal women. Large randomized adjuvant trials were launched to test
these drugs: the ATAC triall%7, which compared anastrozole with tamoxifen, BIG1-
98108, which compared letrozole with tamoxifen and TEAM!%, which compared
exemestane with sequential use of tamoxifen and exemestane. The selected setting
to test exemestane did not turn out to be financially beneficial, as the two other
drugs were approved earlier as the preferred adjuvant endocrine therapy in
postmenopausal patients. The updated 100-month results of the ATAC trial
showed an HR of 0.75 (p<0.01) for DFS favoring anastrozole!?’ ; the early 2005
results of the BIG 1-98 trial demonstrated an HR of 0.81 (p<0.01) favoring
letrozole after only 25.8 months of follow-up. Thus, the patients in the tamoxifen
arm were offered a switch to letrozole, which complicated the subsequent
analyses!!0. The TEAM study showed, that exemestane alone and a sequential use
of tamoxifen 2-3 years followed by exemestane were equally effective at 5 years!®.
Later, exemestane was compared against anastrozole and neither was found to be
superior in terms of breast cancer control after 4 years of follow-up!!l. The results
of these studies were recently combined in the EBCTCG meta-analysis comparing

Als alone, Al+tamoxifen and tamoxifen alone, in favor of Als in all end-points!!2,

As Als alone were insufficient to decrease the estrogen secretion from the
ovaries, tamoxifen remained the standard of care in premenopausal patients. In
order to potentiate the treatment, one came back with the idea of the ovarian
function suppression, this time in combination with either tamoxifen or AI'13, The
first results of these SOFT and TEXT trials were reported in 2014 after a median
follow-up period of 68 months!%. DFS at 5 years was 91,1% in the
exemestant+ovarian suppression group and 87.3% in the tamoxifen+ovarian
suppression group with a HR of 0.72 (p<0.01) 114, The benefits observed in these
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trials were similar in magnitude to those observed in previous trials comparing Als
to tamoxifen in postmenopausal patients. The effect of the combined treatment vs.
tamoxifen alone on OS has not been reported yet.

In conclusion: adjuvant endocrine treatment is offered to patients, that have ER
positive tumors, stage II or higher or stage I patients with some adverse features.
In postmenopausal patients, Al’s are the first choice treatment, if not
contraindicated. Premenopausal women can be treated with tamoxifen, ovarian
suppression or the combination of Al+ovarian suppression.!7,115-117

2.1.7  Adjuvant chemotherapy

The first trials using adjuvant chemotherapy in node-positive or otherwise high-risk
breast cancer patients were performed in the 1980°s. The most frequently used
combination in these initial trials was six infusions of CMF (cyclophosphamide,
methotrexate and 5-fluorouracil) due to the previously observed efficacy of this
regimen in the treatment of metastatic breast cancer!’8, CMF was shown to be
efficient with respect to improving both DFS and OS (84% vs. 69% at three years)
119,120 and was soon adopted as the standard of care.

Ten years later, the addition of anthracyclines to adjuvant therapy was shown to
elicit additional increases in OS and DFS compared with the previous CMF-
combination!21.122, The overall benefits of these regimens were later compared in
the Early Breast Cancer Trialist” Collaborative Group (EBCTCG) meta-analysis:
the risk ratio (RR) with anthracycline-based treatment was 0.88 for distant
recurrence, 0.93 for any recurrence and 0.89 for breast cancer mortality compared
with CMF125,  CEF (cyclophosphamide, epirubicin, 5-fluorouracil), CAF
(cyclophosphamide, adriamycin=doxorubicin, 5-fluorouracil) and AC (adriamycin,
cyclophosphamide) were the most frequently used combinations in these analyzed
trials. Furthermore, higher cumulative anthracycline dosages were observed to
exert greater beneficial effects!23.

Additional improvements in the adjuvant chemotherapy regimens were made
after the millennium using taxanes. Taxanes were administered either
sequentially!?4 or concurrently!?> with anthracyclines and demonstrated an RR of

0.87 for distant recurrence, 0.86 for any recurrence, 0.87 for breast cancer mortality
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and 0.89 for overall mortality, all statistically significant (p<<0.01) in a meta-analysis
123, Various taxane combinations were used in the randomized trials included in
this EBCTCG meta-analysis. The current adjuvant treatment choice in 2015 is to

add taxanes sequentially to anthracycline-based combinations 115-117.126,

As chemotherapy is known to cause a large scale of side effects (such as nausea,
alopecia, fatigue, anemia, neutropenia, risk of infections, neuropathy, gastro-
intestinal toxicity and long term cardiotoxicity), the risk-benefit ratio must be
weighted for each patient. Increasing primary tumor size, grade 3, Her2-positivity,
young age, luminal B or basal-like molecular subtypes and metastatic axillary nodes
increase the risk of breast cancer relapse and thus favor the use of more aggressive
adjuvant therapy!'16.117.127. On the other hand, in low risk patients with ER-positive
tumors -even with a modest nodal involvement-, the chemotherapy provides only

minor benefits compared with hormonal therapy?!28.

2.1.8  Adjuvant therapy for Her2-positive tumors

Her2-overexpression on tumor cells was found to be a negative prognostic
factor!2%.130 and to induce tamoxifen resistance!3! as early as the 1990°s. The first
phase I-II trials using monoclonal antibodies against Her2-receptors alone or in
combination with chemotherapy were conducted in metastatic breast cancer and
were reported at the end of the 20th century!32133. The findings of these trials
quickly encouraged the use of the Her2-spesific monoclonal antibody trastuzumab
in the adjuvant setting. The first successful trials were reported in 2005 (HERA
trial) 134 and 2006 (FinHer trial) 135. Both showed marked improvement in DFS
compared with trastuzumab-naive patients: an absolute decrease of 8.7% at two
years in the Hera study and 11% at three years in the FinHer study. The RRs for
any event were 0.54 and 0.42, respectively.

The long-term follow-up results of both trials were recently updated. In the
HERA trial, the original study design compared also the length of the antibody-
treatment: after a follow-up period of 8 years, two years of trastuzumab-treatment
were not superior to one year of treatment, but one year of treatment was
significantly better than observation only: an HR of 0.76 for DFS and 0.76 for
OS136, The 5-year results of the FinHer-study showed an HR of 0.65 for distant

DFS. The best results were obtained using a combination of 9 weekly trastuzumab
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infusions concurrently with 3 docetaxel infusions followed by 3 CEF infusions'37.
The 9-week FinHer-regimen is currently evaluated with and without the addition of
one year of trastuzumab in the on-going SOLD-trial (NCT00593697).

Given that some Her2-positive tumors are resistant to trastuzumab, dual
blockage of Her2-receptor using cither antibodies or per oral tyrosine kinase
inhibitors has been tested. The addition of another Her2-antibody (pertuzumab)
with complimentary binding mechanisms with trastuzumab has been proven to be
beneficial in treating metastatic breast cancer and has also been approved in the
neoadjuvant setting in Her2-positive breast cancers. In the adjuvant setting,
trastuzumab combined with chemotherapy is the current standard of care for

Her2-positive breast cancer.

2.1.9  Neoadjuvant treatment

Locally advanced, inoperable or inflammatory breast cancer is first treated with
neoadjuvant therapy in order to achieve curative surgery later. A chemotherapeutic
approach is the preferred choice of care in most cases and optimal treatment
combinations are based on tumor biology!'¢.117, In hormone-positive slow growing
breast tumors, neoadjuvant endocrine therapy is a valid option!!”. In Her2-positive
tumors, the preferred neoadjuvant treatment consists of a combination of
trastuzumab, pertuzumab and taxane as this regimen exhibits an improved
pathological complete response (pCR) rate of 45.8% at the time of surgery
compared with 29% in trastuzumab+taxane-combination!38. The use of the first
regimen translates into an improved 3-year DFS of 92% vs. 86%!%. The rate of
pCR at the time of surgery is shown to be a predictive factor for later clinical

outcomes!40,

2.1.10 Adjuvant bone-targeted therapies

Circulating tumor cells can be detected in approximately 20% of patients with early
stage breast cancer!4l. The presence of circulating tumor cells before or after
adjuvant chemotherapy is associated with a worse disease free survival (p<<0.001) as
well as a worse OS (p=0.002) 141. These cells are often attracted to surfaces within
the bone, where they can remain dormant for years'42143, Activated and

proliferating tumor cells may later evolve into bone macrometastases, which, in
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breast cancer, are mainly osteolytic. Osteoclasts are hyperactivated during this

process142.143,

Bisphosphonates are drugs that modify the function of osteoclasts as well as
affect the T-cell function. For years, bisphosphonates have been used to treat bone
metastasis in breast cancer!44. Incorporating these drugs into adjuvant treatment
was expected to improve metastasis-free survival, particularly by reducing bone
relapses. Adjuvant trials were conducted with mixed results. Finally, the EBCTCG-
meta-analysis in 2015 shed some light on this matter as the data of 18 766 women
enrolled in adjuvant bisphosphonate trials was analyzed. Among premenopausal
women, bisphosphonate use did not demonstrate any apparent effect; however,
among postmenopausal patients, 2-5 years use of bisphosphonates produced
significant reductions in breast cancer recurrence (RR 0.86, p=0.002) and breast
cancer mortality (RR 0.82, p=0.002)145.

In addition, adjuvant trials involving other drugs, such as the anti-RANK ligand
antibody denosumab, are on-going. Preliminary reports regarding the ability of
denosumab to reduce fractures and prevent osteoporosis are published!4¢, but data
regarding the breast cancer recurrence rate or survival is not mature yet.

2.1.11  Adjuvant radiotherapy

At the beginning of the 20th century, irradiation of the lymph node regions after
mastectomy using high voltage X rays or Radium-packs was initiated. In 1933,
Pfahler?2 reported the results for 263 patients treated with postmastectomy
radiation between 1902-1928. Among patients with axillary involvement, 58% were
disease-free at 5 years - which at that time was 2.5 times more than among patients
without radiation. Pfahler also proposed, that radiation should be initiated as soon
as possible after surgery. Preoperative irradiation was also investigated, with rather
good results but with high toxicity!¥’. The idea of selecting patients for irradiation
based on their mastectomy results was proposed and the first medical tumor
boards were created in the 1930°s148, The general consensus already at that time
was that irradiation should be used as an adjunct to mastectomy in breast cancer

patients rather than as an alternative to surgery.
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Increases in the availability of RT, as well as the advent of new technologies,
such as the introduction of betatron in the 1940 “s149.150 and the linear accelerator
in the 19507s151, enabled the launch of multi-institutional randomized prospective
clinical trials. The National Surgical Adjuvant Breast Project (NSABP) was one of
the largest trials of its time to evaluate the benefits of postoperative RT after
mastectomy. It reported the results of 1103 patients in 1970: the RT arm had fewer
local recurrences than the surgery-only arm, but no difference in OS was
observed?. In addition, other trials reported that RT after mastectomy exerted
even negative effects on OS152. On the contrary, RT induced beneficial effects on
DFS and OS in a Norwegian study involving over 1000 patients!53. The benefit was
more pronounced in patients with a more advanced stage after mastectomy.
Finally, a definitive answer regarding the role of RT after mastectomy and axillary
surgery was addressed by the 2014 EBCTCG meta-analysis, which demonstrated
that RT clearly benefitted all node-positive patients: HRs of 0.80 (1-3 nodes,
p=0.01) and 0.87 (4 or more nodes, p=0.04) for breast cancer mortality and 0.68
(p<0.01) and 0.67 (p<0.01) for overall breast cancer recurrence, respectively2o.
However, the addition of RT did not exert any positive effect in node-negative
breast cancer patients after mastectomy. Discussions are still ongoing, whether
there is a subgroup of node-negative patients, who would benefit from the
adjuvant RT154,

In late 1970°s and early 1980°s, surgeons gradually began performing more
partial or segmental mastectomies for smaller tumors!®. It soon became obvious,
that breast conserving surgery should always be followed by breast RT2% In
Finland, the RT pioneer Sakari Mustakallio favored the breast conserving surgery
approach very early on combined with adjuvant RT156. DFS and OS were shown to
be at least equal to, if not even better, with breast conserving surgery+RT vs.
mastectomy alone!>”. During the 1990°s, breast conserving surgery became widely
adopted, mainly because it was associated with better quality of life among
patients!3815, The EBCTCG meta-analysis in 2011 summarized all available trials
regarding breast conserving surgery and RT?. In this meta-analysis, the use of
adjuvant RT halved the risk of breast cancer recurrence in every group, whether
stratified by age, tumor size, tumor grade, nodal status or the additional use of
chemotherapy or endocrine treatment with an overall reduction of breast cancer
death rate by approximately one-sixth.

30



The current guidelines recommend adjuvant RT after breast conserving surgery
and after mastectomy in node-positive patients. In addition, in some patients with
T3-T4 NO tumors with adverse features (young age, an extensive DCIS
component, a triple-negative subtype or a medial location) RT can be offered after

mastectomy. 115117

In many countries adjuvant external breast RT has been partly replaced by the
application of local brachytherapy to the resection cavity. This method is suitable
for early stage, low risk patients with tumors <3 cm, negative margins and no other
adverse features, such as hormone receptor negativity, lymphovascular invasion or
extensive intraductal component!16160,161 Brachytherapy can be performed either
with specific balloon shaped catheters or via multiple catheters implanted in the
lumpectomy cavity either during or after surgery!62. Furthermore, brachytherapy
can be administered either intraoperatively with one fraction or later with one to a
few fractions using either low dose rate- or high dose rate-energy sources!62,
Definitive long-term data regarding the effectiveness of local brachytherapy
compared with that of external whole breast RT is still awaited!%3.

2.1.12  Follow-up

The European Society of Medical Oncology (ESMO) consensus guideline!!> states
that the aims of the breast cancer follow-up are:

* To detect local recurrences or contralateral new breast cancers at early
stage

* To evaluate and treat therapy-related complications (such as menopausal
symptoms, osteoporosis and secondary cancers).

* To motivate patients to continue endocrine therapy.

* To provide psychological support and information in order to enable a
return to normal life after breast cancer.

Only small randomized trials have compared the benefits and cost-effectiveness of
one follow-up protocol to those of another!6+166. Different countries, as well as
different cancer centers within a country, tend to have their own follow-up
protocols based on the available resources. There is, however, a general consensus
that approximately a yearly mammography is cost-effective in the follow-up in

detecting local recurrences!¢’.168, In general, the majority of breast cancer patients
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are followed for 5 years after the operation. The ESMO guideline proposes having
visits every 3-4 months during the first two years and twice a year thereafter until 5
years!!5. In Finland, the current national guideline suggests having visits at 3
months and 1, 3 and 5 years and mammography scans at 1-2 year intervals!®?. A
Korean study!” characterized the time and the location of recurrence according to
molecular subtypes. In this study, the highest risk of recurrence was within the first
two years in triple-negative, Her2-enriched (before the era of monoclonal Her2-
antibodies) and in luminal B subtypes. For luminal A, the risk of recurrence was
highest at three years post-surgery. Such findings could be exploited into clinical

practice to design individualized follow-up schemes.

Regular exercise is shown to be beneficial in preventing breast cancer
recurrencel’t172. On the other hand, obesity increases the risk of recurrencel.
Thus, life-style guidance is essential during the later follow-up. Suggestions
regarding cardiac follow-up after breast cancer treatments are discussed later in this

thesis.

2.2 Radiotherapy

2.2.1  Mechanism of action

The radiation used in therapeutic RT is called ionizing. This type of
electromagnetic, high energy, short wavelength radiation in clinical use is usually
produced with linear accelerators (linacs). Therapeutic radiation is either electron
beams or, more commonly, photon beams. Ionizing radiation has enough energy,
when in contact with an atom, to remove tightly bound electrons from the orbit of
an atom, causing these atoms to become charged or ionized. Therapeutic RT
utilizes the cellular effects of radiation; the straight action of bouncing electrons to
DNA-strands and other cell structures, the radiolysis of water molecules to DNA-
damaging highly toxic free radicals and the generation of reactive chemical species-
to treat cancer'’%. The formed DNA-strand damages can manifest as single-strand
breaks, which usually are reversible due to the damage-activated repair-enzymes in
the cell, or double-strand breaks, which can lead to cell death if 1) the break cannot
be corrected or 2) the broken DNA site is essential for cell survival and mitosis.
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Radiation-induced processes in cells require oxygen. It is shown, that hypoxia in
tumors decreases the effects of RT175176, Oxygen is needed for water radiolysis of
water, as the formed free oxygen radicals attach to the DNA damage site and
prevent the attempted repair-processes. In addition, the amount of reactive oxygen
species (ROS) may continue to rise days after the initial radiation exposure
affecting other cellular and physiological properties!’177, This explains the by-
stander effect: not only the cells that have had the radiation "hit", but often also

the adjacent cells will be damaged later in the radiation process!7s.

Radiotherapy is a complex process, which comprises of physical, chemical and
biological interactions within a time-scale ranging from nano-seconds to years
(Figure 1). Changes in the microenvironment of the irradiated area and activated
immunological processes play an essential role in the final efficacy of RT17. The
biological processes are not all known in detail and a lot of research is ongoing,

both to enhance the radiation effectiveness and to protect the normal cells from

damage.
 Energy deposition in tissues
« Interaction with cells and molecules
Physical interactions| * Excitation and ionization of atoms
<1016 s
« Diffusion, chemical reactions with e.g. oxygen
« Radical species formation
e Initial DNA damage
_ Chemical « Early molecular repair starts
lutEiactions ¢ DNA strand break stabilization
<103s J
¢ Enzymatic repair of damaged cells
« Activation of progenitor cells (repopulation)
e Activation of cell cycle(redistribution)
_Biological « Cascade of biological processes by reactive oxygen species and reactive nitrogen species
MO e Activation of immunogical processes
seconds-years J

Figure 1. The time-line of different cellular and molecular interactions triggered by ionizing radiation.
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2.2.2  The process of adjuvant breast cancer radiotherapy

The process of adjuvant breast cancer RT should start immediately after the
surgery by referring the patients to oncological consultation. A multidisciplinary
tumor board is preferred in the process. Among patients not receiving adjuvant
chemotherapy, the time from the surgery to the start of RT should not exceed 12
weeks, as longer delays increase the risk of breast cancer specific mortality (HR
3.84) 180, The currently preferred window to start RT is 4-8 weeks!81.

Adjuvant RT is indicated after the breast conserving surgery regardless of tumor
biology, tumor size or patients” age, as presented in the EBCTCG meta-analysis?>.
In elderly patients with T1INO ER-positive tumors, RT can be omitted with the use
of endocrine therapy!82. After mastectomy, RT is indicated if the sentinel nodes
were positive, irrespective of axillary dissection, and in T3-T4NO patients with

high-risk features26.154,

RT should not be given to patients with sclerodermal83.184, Furthermore, RT
should not be given trough a pacemaker or an implantable cardioverter defibrillator

because radiation may cause severe failures of these devices!s>.

2221  Planning CT

Current breast RT planning is based on a computer tomography (CT) scan of the
patient!86.187, This planning CT (or reference image) is acquired in pre-specified
position. The patient is usually in supine position with both hands above the head.
Special fixation devices, such as breast boards and head cuffs, are used (Figure 2.)
to stabilize the position. Special attention should be made to ensure the vertical
straightness of the spine. Once a comfortable and stable posture is reached, only
then can the actual scanning begin. 18 The CT scan should be performed using the
minimum dose required to provide accurate organ contours with a slice thickness
of <3 mm!18,

After the scan, in the exact position, the reference marks are tattooed to patient’s
skin guided by the in-room laser beam positioning system!8”. These marks will
guide the patient set-up later in the treatment phase. The acquired CT images are

sent to a RT treatment planning system for the next steps.
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Figure 2. An example of a breast board used for the patient position stabilization. A head cuff is
individually chosen to enable a firm but comfortable position. Arms rest on the blue crutches and
hands grip the white rods.
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2.2.2.2  Clinical target volume of the breast and lymph node regions

The clinical target volume (CTV) 10 is contoured to the CT slices by a radiation
oncologist (Figure 3.). After breast conserving surgery, the CTV of the breast is the
remaining breast tissue and after mastectomy the breast-CTV consists of the chest
wall!91.192 If lymph node regions are treated, the nodal-CTV is contoured based on
anatomical structures!?3194. The nodal-CTV covers typically the axillary and

supraclavicular regions. The addition of parasternal region is indicated in selected

cases (see section 2.2.2.0).

Figure 3. A) The clinical target volume (CTV) of the breast tissue contoured to planning CT slice
(orange) B) CTV of the lymph node regions above the sternum level (interpectoral, axilla lll, internal
mammary lymph node regions; cyan).
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2.2.2.3 Isolated tumor cells and micrometastasis in SN

In the case of isolated tumor cells (ITC) in the sentinel node, the use of RT is
unestablished. As axillary dissection is usually omitted in these patients based on
randomized trials and current guidelines®5.06.70, there are no definitive studies
addressing this population. In the AMAROS trial®8) which compared axillary RT to
surgery, only 10% of patients in the RT arm and 12% in the surgery arm had ITC
in the sentinel node - numbers too small to perform a subgroup analysis. Other
studies are contradictory: ITC is regarded to be a negative prognostic marker in
some!> and not significant in others!?6-198, Likewise, a micrometastasis (<2mm) in
a sentinel node does not require further axillary surgery®+6>70, The risk of additional
metastatic lymph nodes in the presence of micrometastatic lymph node in SNB
varies from 13 to 27%!198200, Whether adjuvant axillary RT is indicated in these
cases, is under discussion. Again, no specific subgroup analysis is done from the
AMAROS trial®® and no other randomized trials involving this subgroup have been
reported to date.

Individual decision-making based on patients age and tumor characteristics are
essential, when discussing the extension of RT field to cover the lymph node
regions in addition to breast RT after breast conserving surgery or the use of
adjuvant RT after mastectomy in patients with I'TC or micrometastasis.

2.2.2.4  One to three positive nodes

The addition of RT after mastectomy is recommended in patients with 1-3 positive
nodes based on the EBCTCG meta-analysis2°. After breast conserving surgery, the
addition of nodal RT in this subgroup improves the disease free survival at 10
years: 80.9% vs. 83.5 % in patients with one node and 67.6% vs. 74.8% in patients
with 2-3 nodes. The use of RT was especially effective in ER-negative patients.
However, at 10 years the effect on OS was not statistically significant in the whole
study population.20!
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2.2.25 Four or more positive nodes

Adjuvant RT to lymph node regions is indicated after mastectomy in patients with
4 or more positive lymph nodes2. RT decreases the locoregional recurrences (13%
vs. 32.1%), any recurrences (66.3% vs. 75.1%) and breast cancer mortality (70.7%
vs. 80.0%) at 10 years. After breast conserving surgery, the addition of nodal RT
improves the DFS at 10 years (60.3% vs. 69.8)201,

2.2.2.6 Parasternal lymph nodes

The parasternal lymph node region, also known as the internal mammary lymph
node region, is alongside the axillary region the other main lymphatic drainage
checkpoint. The incidence of internal mammary lymph node metastases are shown
to be more than 20% in patients with 1) 4 or more positive axillary nodes, 2)
medial tumor and positive axillary lymph node, 3) young patients with T3 tumors,
4) T2 tumor and positive axillary node and 5) medial T2 tumor2°2. The need of
parasternal lymph node RT has been under discussion, as it coincidentally increases
the radiation dose to organs at risk (OAR)- especially heart. A recent EORTC
study addressed this subject in a clinical trial, in which 4004 patients with medial or
centrally located breast tumors (NO) or lateral tumors with axillary dissection (N+)
were randomized to groups receiving either RT encompassing the internal
mammary nodes, medial subclavian nodes as well as the upper part of axilla or to
breast only RT. The results at 10 years demonstrated benefits with nodal RT, as the
HR for disease progression or death was 0.8923, Similar results were observed in a
Danish DBCG-IMN-study, in which internal mammary RT was added for right-
sided breast cancer patients but not for left-sided due to the increased risk of RT
induced heart disease204. After 7 years of follow-up, the OS in the right-sided
patients was 78% vs. 75% in the left-sided (p=0.04). In the light of these studies,
internal mammary node irradiation can be recommended for patients with high-
risk features, whilst bearing in mind the increased dose to OAR!2. In all patients,
the OARs - lungs, heart, plexus brachialis, thyroid gland, and contralateral breast
tissue- are contoured to the CT slices based on radiation oncologist discretion to
evaluate the radiation dose to these structures.
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2.2.2.7  Planning target volume

The planning target volume (PTV) is the final RT planning target. The PTV takes
into account the inter- and intra-fraction variability of the patient’s posture and
movement as well as allows other uncertainties during planning and treatment
delivery. It is a geometric area around the CTV (Figure 4), so that the planned dose
is de facto delivered to the desired areal?. The margin between the CTV to PTV
should be evaluated in every clinic by measuring set-up accuracy. In reported trials,
the required margin is shown to vary between 4-8 mm?205-207,

A) B)

Figure 4. A) A body surface view showing the final PTV covering the breast and lymph node regions
(red). CTV of the breast tissue is shown (orange). B) An illustration of clinical target volume (CTV) and
planning target volume (PTV)
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2.2.2.8 Boost to the tumor bed

An additional radiation dose (a boost) to the tumor bed after breast conserving
surgery was thought to be beneficial with respect to reducing local relapses. The
EORTC boost vs. no-boost trial tested this concept of adding 16 Gy (in 2 Gy
fractions) to the resection cavity after 50 Gy whole-breast RT. The 20-year follow-
up results of this trial were updated in 2015. These results indicated, that the
addition of boost reduced the local recurrence rate from 13% to 9%, but had no
effect on breast cancer mortality in the entire study population28. Subgroup
analyses demonstrated that the boost was beneficial in younger patients and in
patients with an extensive DCIS component or grade III tumors208-210, Tumor
margin width had no effect on recurrence, if the operation margins were negative
of tumor cells28, These findings as well as other trials have encouraged the recent
ASCO/ASTRO guidelines: if the resection margins are free of tumor cells ("no ink
on margin"), it is regarded sufficient and the margin width should not influence the
decision to administer a boost?!1:212, Likewise, in the EORTC trial analysis, the
guideline stresses the fact that tumor biology as well as patient’s age, is an
important risk factor for local recurrence?!!:212, The boost volume should comprise
the tumor bed with small margins. This outcome is most reliably achieved when

the surgeon implants surgical clips in the resection cavity?2!3.

2.2.29 External beam planning

In adjuvant breast RT, as in all modern RT, the dose to the PTV should be as
conformal and homogeneous as possible without compromising the OAR. The
beam planning is based on the International Committee of Radiation Units and
Measurements (ICRU) report 50 principles2!4,

After breast conserving surgery, two opposing tangential photon fields are
usually chosen to treat the breast-PTV. The homogeneity can be improved using
forward planned field-in-field intensity modulated RT (IMRT) compared with the
traditional wedged 3D planning?!5217. If the lymph node regions are treated,
additional 2-3 anterior-posterior opposing fields are added?18219, After mastectomy,
beam planning can be done with a combined use of electron fields for the thoracic
wall and photon beams for the node-PTV or with photon fields alone220-223,
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In select cases, the PTV dose coverage can be improved and the OAR dose can
be reduced with volumetric modulated arc therapy (VMAT) or multiple field IMRT
techniques. However, the doses to contralateral breast as well as to the
contralateral lung can increase with these techniques and clinical judgment should
be used to select an optimal plan for each patient?24225, The boost-PTV can be
covered using either sequential use of electrons or photons?26 or with simultaneous
integrated boost (SIB)-technique227,228,

2.2.3  Fractionation

For decades, breast cancer adjuvant RT has been delivered in daily 1.8-2 Gy
fractions 5 days a week to a total dose of 45-50 Gy. This, so called conventional
fractionation, is based on the idea of better normal tissue tolerance and the
historical experiments with various fractionation models??-233. The idea of
hypofractionation for breast cancer RT started to gain popularity in 1980°s, first in
the United Kingdom (UK) and Canada. The reasons were derived both from
radiobiological models234-236 and from practical issues, such as long distances to RT
units. The first reports regarding hypofractionation were encouraging?’’ and two
large randomized trials (START A and B) were launched in the UK to compare
hypofractionated regimens (41.6 Gy in 13 fractions, 39 Gy in 13 fractions or 40 Gy
in 15 fractions) to the conventional 2 Gy fractionation. The 10 year results were
presented in 2013 and showed that hypofractionation achieved an equal local
control rate with less long term skin toxicity?3. Based on the START-trials and the
Canadian long-term results??, modest hypofractionation is now a widely accepted
modality in the adjuvant breast RT!5116, Some discussion is still on-going
regarding the treatment of lymph node regions with hypofractionated RT, because
the numbers of N+ patients in these trials have been limited.

2.24  Cardiac sparing techniques

Radiation-induced long-term cardiotoxicity has been a major concern in left-sided
breast cancer patients?’-2. A retrospective study has shown, that the risk of a major
cardiac event increased linearly with each additional Gy to the heart?. In addition,
increasing doses to left ventricle (LV) have also shown to correlate with perfusion
defects240241, Therefore, several methods of reducing cardiac radiation doses have

been sought.
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2.24.1  Prone vs. supine

The idea of the prone position technique is to allow the breast tissue to fall away
from the thoracic wall, thereby reducing the dose to the lungs and heart. Especially
patients with large and pendulous breasts were observed to experience less cardiac
radiation exposure in the prone position than in a supine position?*2. On the other
hand, the prone positioning simultaneously moves the heart anteriorly and is
shown to increase the cardiac dose in patients with smaller breasts243.244. Although
the prone position has gained acceptance in the United States, questions regarding
the daily treatment reproducibility?4> as well the need of specific breast boards

during treatment has slowed its wider use in Europe.

2.24.2  Free breathing vs. breath hold techniques

In 1997, Chen et al2% published a study showing that simple inspiratory maneuvers
caused marked decreases (mean - 40.2%) in the cardiac volume within the radiation
portal. They suggested, that such an approach would allow a simple way to reduce
cardiac involvement. This finding was rapidly accepted and the first clinical trials
comparing breath hold techniques with free breathing (IFB) in left sided breast
cancer patients were reported a few years later247248, The first studies were
conducted using an active breathing control (ABC)-device, which pre-specifies the
lung volume and blocks the breathing to a certain moderate deep inspiration-phase.
Later, the voluntary deep inspiration breath hold (vDIBH)-method was
introduced?4%:2%0, In vDIBH, an infrared camera tracks the movement of an
external marker block during the breathing cycle (Figure 5). This marker block can
be placed either on the sternum or on the abdominal wall. A real-time position
management (RPM) system uses the data required from the infrared camera to
demonstrate patient breathing patterns, allowing individual estimations of the
perfect breath hold window. In addition, the RPM system further interacts with the
actual RT by stopping the beam, if the breath hold level is not within the
predefined limits.

Both vDIBH and ABC-DIBH exert undeniable cardiac dose sparing compared
to FB 251-255 In a recent meta-analysis of all available 10 dosimetric studies, the
mean cardiac dose was reduced by as much as 3.4 Gy3*. However, as no real-life
follow-up data regarding cardiac toxicity from these trials is available, the cardiac
sparing effects must be estimated via retrospective studies and models. A large
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retrospective study by Darby et al?? showed that the risk of major cardiac event
(myocardial infarction, coronary by-pass or cardiac death) increased lineatrly by
7,4% with every 1 Gy increase to the mean heart dose. In normal tissue
complication probability (NTCP)-models, the cardiac mortality probability was
estimated to reduce from 4.8% in FB to 0.1% with DIBH**. The effect on cardiac
dose-reduction is similar with both DIBH-methods, yet the vDIBH is preferred by
the patients and radiographers25¢.

A) B)

GATINGTR1

Figure 5. A) An in-room infrared camera tracks the movement of a marker block. B) The view from the
monitor showing the marker block dots (arrow) and breath hold level. In this picture the breath hold
level (green bar) is inside the desired window (blue bar) and the beam is enabled. Radiotherapists
monitor throughout the treatment the movement of the marker block both during the normal breathing
cycle and the breath hold.
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2.24.3  The effect of RT technique

In FB, the cardiac dose can be decreased by IMRT or VMAT-techniques without
compromising target coverage220:257.258 In DIBH, the tangential field-in-field IMRT
excludes the heart from the beam completely in the majority of patients receiving
breast-only RT. However, in patients with larger breasts or lymph node irradiation,
VMAT or more complex IMRT might improve the cardiac sparing in DIBH?258259,
Proton RT could be even more cardioprotective2!6; but the availability of the

proton units in Europe is currently limited.

2.2.5  Reproducibility of treatment

Inter- and intra-fraction variability in breast cancer treatments should be evaluated
locally in RT institutions. Inter-fraction variability consists of position uncertainties
or even errors in the patient set-up during immobilization or couch shifts. Intra-
fraction errors occur after the set-up and are caused by breath movements or
involuntary movements (coughing, muscle spams). In breast cancer RT, the
reported inter-fraction set-up uncertainties in FB are usually within 5 mm, but
larger errors have been observed especially during the first fractions205.260.261,
Likewise, with DIBH, the reported inter-fraction set-up errors usually stay under 5
mm, but occasional large errors have been observed and thus daily image guidance
is preferred with DIBH techniques throughout the treatment262263, Thhis is essential

to maintain the desired cardiac-sparing benefit.

2.2.6  Normal tissue tolerance of RT

In external beam RT, different photon beams must usually enter the planned target
volume by passing trough adjacent healthy tissue. Depending on the method used
(3D, IMRT, VMAT), the dose outside the PTV is either higher in smaller volumes
("showet") or lower in larger volumes ("bath") as presented in Figure 6. The sum
of the beams is the desired dose for the PTV, but in every fraction non-cancerous
tissue is predisposed to DNA-damages via ionization and reactive radiation
induced processes. Whether the subsequent tissue damage is repairable or
permanent, grave or subclinical depends of the radiosensitivity of the cells
themselves and on the interactions with the parenchyma and supporting cells. In
addition, cell proliferation capability, stem cell recruitment and tissue remodeling
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are essential in the repair processes?0*. Different tissues react differently to
radiation - some with acute manifestations of radiation effects but with a good
capacity of tissue repair and re-growth (such as mucosa) and some presenting
mainly with late-emerging side effects, which can be unrepairable (such as nerves).
In addition to different radio-sensitivity properties, also the dose-volume effects
are critical in the tolerance of RT. This dose-effect knowledge is largely derived
from historical reports and trials on various radiation fractionation schemes, in
which the side effects were reported, as well as from studies utilizing animal
models. The first attempts to summarize the available data and knowledge
regarding normal tissue tolerance were made in 1991 by a group led by Bob
Emami?65, Further work is continuously ongoing to characterize the dose-volume
tolerance and maximum dose of different organs. The QUANTEC (Quantitative
Analysis of Normal Tissue Effects in the Clinic) guidelines and reviews are joint
efforts to systemically summarize the current knowledge of normal tissue RT
tolerance based on the literature266.267,

A) B)

Figure 6. Left-sided breast cancer radiotherapy using A) tangential fields and B) VMAT-technique. In
VMAT, 5 Gy doses shown in the picture B are scattered to a larger area outside the PTV (red line)
than with tangential technique (A).
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226.1 Lung

In adjuvant breast cancer RT, especially the ipsilateral lung is at risk for radiation-
induced processes. The lung is regarded as an OAR and is contoured to the
planning CT to calculate the incidental lung dose. RT-induced toxicities can
present either as clinical symptoms, such as dyspnea, cough and shortness of
breath, or as subclinical findings, such as radiological abnormalities or decreased
pulmonary function test results. Clinical radiation pneumonitis, which is an
inflammation of the lung tissue presenting as dry cough and dyspnea with typical
radiological lesions, occurs in 1-5% patients after breast RT208, The risk of
pneumonitis can be estimated using NTCP models, of which the Lyman-Kutcher-
Burman (LKB)-model is the most widely used269270. Generally accepted guidelines
recommend limiting the percent volume of the ipsilateral lung receiving 20 Gy to
<20% in breast only treatments and to <30% when the lymph node regions are
irradiated?70-273, Another option is to use the mean lung dose-constraint?’4) which
should not exceed 20 Gy?70, or more conservatively 15 Gy275. Within these limits,
the estimated risk of clinical pneumonitis remains below 5%7270. Subclinical changes
in pulmonary functions can be measured in all patients 0.5-2 years after treatment,
with gradual improvements later?’0. In another study, further reductions in

pulmonary functions were observed at 10 years after RT277.

Other pneumonitis risk factors in addition to higher radiation doses have been
identified. Older age (defined as 60 or older) increases the risk of pneumonitis with
an OR ranging from 1.66278-1.7279. Likewise, prior or concurrent chemotherapy
exhibits a similar odds ratio (OR 1.6)28 and existing lung co-morbidities, such as
chronic obstructive pulmonary disease, display the highest risk with an OR of
227278, In contrast, prior or concurrent smoking appears to reduce the risk of
radiation pneumonitis (OR 0.62-0.69)278,

Symptomatic pneumonitis in treated with oral corticosteroids for 1-3 months280,
Symptoms usually resolve within days, but improvements in the radiological
findings occur slowly. In addition, pneumonitis represents only the eatly phase of

an on-going process that eventually leads to lung fibrosis in the affected area 272:280-
282

Lung fibrosis represents the late stage of radiation induced lung injury and, once
present, is irreversible. Different drugs or nutritional supplies have been tested to

stop the evolving fibrotic process after RT. So far, the best candidates for clinical
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use are angiotensin converting enzyme inhibitors (ACEI) and angiotensin II
receptor blockers (ARB) 283286, RT-induced inflammation in tissues induces the
production of transforming growth factor beeta (TGFP), which is a major inducer
of fibrinogenesis?®’. The renin-angiotensin system (RAS) influences this production
chain. Blockage of RAS with ACEI or ARB reduces the excess fibrinogenesis2%.
Other, more eatly phase and largely rodent-based trials have tested various agents
such as angiotensin (1-7) 288, soy 289, lignan?®0, curcumin?! and even blueberry
anthocyanins??2 and have observed positive effects. On the contrary, the
concurrent use of tamoxifen during RT doubles the risk of pulmonary fibrosis2%3.

This finding is consistent with those of other trials279.293.294,

In addition to the ipsilateral lung dose, the contralateral lung dose should be
evaluated. This is especially important when using arc-techniques (VMAT) or
IMRT, as the lung-volume receiving smaller doses is often enlarged??>2%. No

definitive dose restrictions have been presented in the literature.

2.2.6.2  Skin and breast tissue

Radiation dermatitis is early-phase radiation-induced skin toxicity. The severity of it
can range from mild erythema to painful moist desquamation. The majority (75-
100%) of patients receiving adjuvant breast RT experience some grade of
dermatitis?%. The toxicity is dependent on the dermal dose??’. With modern RT
technique, the doses to PTV are more homogeneous and maximal doses are often
limited to 107% of the prescribed dose. In addition, after breast conserving
surgery, the skin is usually subtracted from the PTV in the beam-planning phase
and thereby the dose to the skin is reduced??8. Furthermore, hypofractionation has
been shown to decrease the risk of severe dermatitis238.299.300, After mastectomy,
the skin in the thoracic wall is included in the target volume220.301,

The treatment and prevention comprises topical daily application of moisturizers
from the start of the RT302, Various different lotions and additional substances
have been tested, but no product seems to be significantly better than the other393-
305, If desquamation and breast pain develop, treatment can be intensified using
painkillers, natrium chloride (saltwater)-dressings or dry wound dressings such as
Mepitel or Duoderm302. Acute side effects resolve with time, but may later lead to
increased skin fibrosis. Clinically observable, but mostly grade I-II skin or whole

breast fibrosis occurs in approximately 10%-27% of patients306-308. An addition of

47



boost (e.g. increased local dose to the tumor bed) significantly increases the risk of

severe breast fibrosis208,

2263 Thyroid gland

The thyroid gland is rather sensitive to radiation. Acute symptoms are rare, but
late-toxicity occurs in the form of hypothyreosis. Half of the patients will develop
hypothyreosis after 45 Gy dose to the gland3?. In breast RT with nodal treatment,
the ipsilateral thyroid gland is difficult to spare without compromising the target
coverage. It is estimated, that the incidence of hypothyreosis among breast cancer
survivors at 35-120 months after RT is 18% compared with the 6% of matched
controls?0. In NTCP models combined with retrospective dose-distribution data
the risk is even higher: if the mean dose to thyroid gland exceeds 26 Gy, as it does
in >40% of breast cancer N+ patients, the lifetime risk of hypothyreosis is

significant311-313,

2.2.6.4  Plexus brachialis and spinal cord

Long-term irreversible plexus brachialis toxicity is rare in modern 3D breast RT
(<1%)314. The plexus brachialis begins at the caudal vertebrae (C5-C8 and Thl),
runs along the thoracic wall and behind the clavicle through the axilla to the upper
limb. Damage to this nerve induces paresthesia, pain and motoric dysfunction in
the arm. The plexus brachialis is generally inside the treatment field in N+ cases.
Absolutely safe doses to the plexus are difficult to define. The incidence of
plexopathy with 60 Gy breast treatment was much higher than the 50 Gy
regimen’!4. The Danish guidelines set a maximum dose to 54 Gy'%!, while Emami
estimated that the risk of plexopathy was 5% if 62 Gy was administered to one-
third of the structure265, In addition to the dose-volume ratio, other factors seem to
contribute to the risk such as more extensive lymph node surgery315316,
Furthermore, retrospective data reveals the significantly increased risk of
plexopathy when larger (>3 Gy) daily fractions were used3!’. With modest
hypofractionation (<3 Gy/fraction), the plexopathy rate is similar to that
associated with conventional 2 Gy fractionation at 10 years?38,

Regarding the spinal cord, myelopathy is the most feared complication of RT. In
breast RT, the spinal cord is always defined as an OAR. The risk of myelopathy is
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<1% at 54 Gy and <10% at 61 Gy318. Commonly used restriction for spinal cord

in breast adjuvant RT is a maximal point dose of 50 Gy.

2.26.5 Radiation induced secondary malignancies

As ionizing radiation induces DNA damage in all tissues involved, RT is associated
with a risk of secondary malignancies later in life. The standardized incidence ratio
(SIR) of secondary malignancies in general after breast RT is 1.2319, The SIR of soft
tissue sarcomas- especially angiosarcomas- in the treated breast is 2.34319, yet the
absolute numbers for in-field sarcomas are low (12.4 per 100000 person years) 320,
The other organs at risk are lung and contralateral breast. Smoking increases the
secondary lung cancer risk 30-fold*?! and young age is a risk factor for secondary
breast cancer322. In addition, the chosen beam technique can affect the risk — the
tangential 3D is regarded safer than IMRT/VMAT323,324,

2.3  Cardiotoxicity of breast cancer RT

The increased risk of cardiac mortality and morbidity among breast cancer
survivors- especially in left-sided breast cancer patients- has been clearly shown in

large trials, as summarized in Table 2.
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Author, Study Design End point Result Remarks
year, populatio
reference nN
Gyenes G | 960 Follow up 20 years Myocardial infarct In high-cardiac dose group: Difference started at 4-5
et al, BC treated 1971-1976 RR 1.3 AMI years
1998325 RT vs. no RT ) RR 2.0 CVD death
Effect of cardiac dose Cardiac death RR 2.5 Death to ischemic heart
disease
Carr et al | 1859 Follow-up 22.5 years Incidence of CHD death RR 1.44 AMI Cardiac doses 1.6-3.9 Gy
20052 1936-1965
CHD after peptid ulcer ) ) . )
RT Risk of CHD increases with dose Risk became apparent after
RT vs. no-RT controls (mean >2.5 Gy) >10 years of follow-up
Darby S et | 308 861 Follow-up 3-30 years Cardiac mortality Period 1973-1982: Smoking increased the risk
al 20052 BC treated 1973-2001 RR1.2(<10y.) of MI
Left vs. right RR 1.58 (>15y.)
Period 1983-1992: .
RR 1.04 (<10y.) Chemotherapy increased
RR 1.27 (>10y.) the risk of CHF
Period 1993-2001:
no risk <10 y.
Hooning MJ | 4414 Follow-up 18 years Risk of CV disease SIR 1.3 for CVD (whole group) Smoking increased the risk
etal 20073 of MI
BC treated 1970-1986 With IMN-RT:
HR 2.55 AMI Chemotherapy increased
RR 1.72-2.66 CHF the risk of CHF
RT vs.no RT RR 3.17 VD
Shimitzu et | 86611 50 years follow-up of Excess risk of stroke or | Excess stroke risk 9%/Gy No cardiac risk increase
al 2010327 Hiroshima and heart disease found with doses <0.5 Gy
Nagasaki atomic bomb . )
SUIVIVOTS. Excess heart disease risk 14%/Gy
Total body dose 0-3
Gy
Bouillon K | 4456 28 year follow up CV mortality RT vs. no-RT:
etal 20117 BC treated 1954-1984 HR 1.76 cardiac mortality
RT vs.no RT HR 1.33 vascular mortality
Left vs. right Left vs. right:
HR 1.56 Cardiac mortality
McGale et | 34825 BC treated 1976-2006 CV mortality No difference Incidence as high in patients
al 2011328 Left vs. right treated 1990°s as in 1976-
89
CV morbidity IR1.2AMI
IR 1.25 Angina
IR1.54 VD Prior CVD increased the risk
Darby S et | 2168 Population based Mean heart dose and | Mean heart dose 4.6 Gy Increased risk over time
al 20132 case-control study dose-dependent risk of | Riskincreases with 7.4%/Gy to
(963 patients with major coronary events heart
events, 1205 controls) Prior CV risk factors have additive
effect.
Henson Ket | 558 871 BC treated 1973-2008 CV_mortality in different | Treated 1973-82: Increased risk over time

50




al 201332 Left vs. right time periods and follow-up | RR1.19 (<101.)
RR 1.9 (at +20y.)

Rutter CE et | 344 831 6.4 years follow-up 0s No difference Insufficient follow-up time
al 20143 BC treated 1998-2006

Left vs. right sided
Wright et al | 66 687 15 years follow-up Incidence  of cardiac | No difference in cardiac mortality
2015%1 BC treated 1990-1999 related mortality OS between left- and right-sided

Left vs. right sided patients

Table 2. Summary of the major studies regarding the radiation-induced cardiac morbidity and
mortality. Abbreviations: BC breast cancer, RT radiotherapy, AMI acute myocardial infarction, CVD
cardiovascular disease, CHD chronic heart disease, RR risk ratio, CHF chronic heart failure, OS
overall survival, SIR standardized incidence ratio, IMN-RT internal mammary node radiotherapy, VD
valvular disease, CV cardiovascular, MI myocardial infarction, IR incidence ratio, HR hazard ratio.

In these trials (Table 2.), the risk of cardiotoxicity is consistently shown to be
time-dependent and the difference between groups starts to emerge after 10 years
of follow-up. In addition, the risk is dose-dependent increasing with higher cardiac
radiation doses. The risk of acute myocardial infarction (AMI) between RT versus
no-RT ranges from 1.3 to 1.44 and the risk of cardiac mortality from 1.76 to 2.0 in
patients treated in the 1970s with more than 20 years follow-up32>326, The risk in
left-sided patients vs. right-sided patients was more pronounced in patients treated
during 1970-1982 than in those during 1983-1992, a finding reflecting the effect of
better radiation planning, better techniques and thereby reduction in the cardiac
doses2s. However, specific data regarding cardiac doses became available only after
the use of CT-based RT-planning. In a review by Taylor et al involving studies
published in 2003-2013, the mean cardiac dose was 5.4 Gy (range, <0.1-28.6 Gy)
332, In the trials performed by Rutter and Wright, which involved patients treated
with the more modern CT-based RT-planning after 1990, no excess cardiac
mortality or overall mortality was observed in left- vs. right-sided patients330:331,
However, long-term cardiac toxicities have not vanished even in the modern
DIBHe-era, as 1) no safe radiation threshold for the heart has been established and

2) a complete cardiac avoidance is not possible for all patients.
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2.3.1  Radiation-induced processes in heart

In fractionated breast RT, the radiation-induced injuries to different cell structures
initiate various processes (2.2.1). The formed reactive oxygen species (ROS) and
nitrogen oxygen species (NOS) activate the inflaimmatory and profibrinogenic
processes in tissues87,

Injury to endothelial cells induces vasodilatation (activated by NOS) and
increases vessel permeability within minutes, resulting in an influx of macrophages
and T-cells (enhanced by ROS) into the irradiated area333. This vascular swelling,
further intimal hyperplasia and luminal narrowing added to leukocyte infiltration
and thrombin release may lead to total clotting of the microvasculature334335, The
subsequent development of hypoxia in the adjacent myocytes may promote cell
death. In larger vessels, the same process enhances local atherosclerosis?87.
Endothelial dysfunction and activation of several proinflimmatory genes in
irradiated arteries have been observed from months to years after RT33¢,

Among other profibrinogenic cytokines, ROS releases active TGFP from the
extracellular matrix287.337,338, TGFf is the best-characterized activator of radiation-
induced fibrosis. In heart, the fibroblasts mature into myofibroblasts and collagen
formation begins both in the endothelium and in the extracellular matrix between
the myocytes. This radiation induced fibrosis has been demonstrated in animal
models after radiation as well as in human skin biopsies and autopsies333339.340, By
therapeutically inhibiting TGFB -formation or signalling, fibrinogenesis can be
alleviated?1-343, Additionally, RT and the ROS/NOS activate the RAS resulting in
increasing levels of angiotensin II in tissues344.345, These increased concentrations
of angiotensin II induce the fibrinogenesis either via upstream induction of
TGFB36 or directly via a smad-pathway3¥’. Commonly used hypertension
medications targeting the RAS, namely ACEIs and ARBs, have been observed to
reduce the RT induced fibrosis344.348, In addition, angiotensin (1-7), a heptapeptide

hormone, is able to prevent the angiotensin II induced fibrinogenesis349-350.

Human myocytes can tolerate RT rather well, as these cells are at non-mitotic
stage in adults. However, some functional changes have been observed in myocyte
cell culture after radiation: the single action potential was shortened after 7 days of
radiation35land changes in the calcium handling were observed352.
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2.3.2  The detection of subclinical cardiac changes

The RT-induced changes described above can lead to detectable, yet subclinical
changes in cardiac functions early after RT. These changes can be monitored using
serum markers, electrocardiogram (ECG), echocardiography, MRI and SPECT- or
PET-imaging.

2.3.2.1  Serum markers

Cardiac myocyte damage can be measured by assessing serum troponin T (TnT),
troponin I (Tnl), or, more recently, high sensitivity cardiac troponin T (hscTnT) 353
levels. HscTnT has a lower detection limit than TnT or TnI3%3 and is a well-
established biomarker of acute myocardial infarction (AMI) 353354, In addition,
elevated hscTnT levels can be detected in chronic heart failure’® and LV
hypertrophy36:357. Elevated troponin levels without cardiac symptoms have been
observed in breast cancer patients after anthracycline-based chemotherapy, even
when using less sensitive methods3>8-3¢0 as well as after a combined trastuzumab-
chemotherapy treatment3!. Thoracic RT (breast or lung) has been shown to
increase troponin levels3¢2) although the majority of patients in this study received

also prior chemotherapy.

B-type natriuretic peptide (BNP) is a polypeptide secreted by the ventricles of the
heart in response to excessive stretching of the myocytes363 or hypoxia364365, The
biological effects of BNP lead to increased diuresis, natriuresis and strong vascular
actions. Specifically, it transfers fluid and protein from the plasma to the interstitial
compartments363.366, BNP or simultanecously secreted biologically inactive N-
terminal probrain natriuretic peptide (NT-proBNP) can be reliably measured in
plasma/serum-samples using immunoassays. They are used in the clinic to detect
heart failure (acute or chronic)367.368 and the severity of ischemic conditions (both
mechanical and metabolical)364365369.  In breast cancer patients, elevated NT-
proBNP-levels have been detected after chemotherapy370-372, In a study by De Iuliis
et al¥79, significant (p<0.01) increases in NT-proBNP concentration were measured
at 3 months, 6 months and 1 year after chemotherapeutic treatment, even before

the EF decreased. In addition, a significant correlation between increases in NT-
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proBNP levels and 1-year mortality was observed. Moreover, after left-sided breast
RT, the increases in BNP wvalues were correlated with cardiac radiation
doses362.373.374, Palumbo et al3’* observed that the BNP levels increased compared
with the baseline value at 1 month and 6 months after RT. The magnitudes of
these increases were correlated with the cardiac volumes receiving 20 Gy, 25 Gy,
30 Gy and 40 Gy as well as the mean heart dose. D "Errico et al373 observed similar
results after adjuvant RT: the rato of BNP at 12 months/BNP at baseline
increased significantly (p<0.01). Furthermore, the BNP levels at 12 months
correlated with higher cardiac radiation doses to 50% of the volume of the heart

(p=0.03) and ventricle (p=0.04).

Cardiac biomarkers may be beneficial in selecting patients with the highest risk of
long-term cardiac toxicity after breast cancer adjuvant treatments as well as in
recognizing the concurrent risk factors. Biomarkers may also guide the
administration of drugs to treat or prevent cardiotoxicity either during or
immediately after the treatments371.375,

2.3.2.2  Electrocardiogram

RT to the thoracic area has been shown to induce ECG-changes376-379. Such
changes have been observed at the end of RT%7¢ as well as at 1-4 months after
RT377378 in roughly one-third of the patients376-378, T-wave abnormalities are the
most common findings376377; namely, T-wave depression or inversion. The
mechanism of this is not fully known. In a study with a longer follow-up petiod
demonstrated, that the observed RT-induced T-wave changes had reversed in 60%
of patients at one year after RT376, In addition, a fragmented QRS-complex has
been reported at one year after completion of RT in 37% of patients with a
correlation to mean cardiac radiation doses (OR 6.48 for doses over 2.2 Gy) 379.

As RT induced fibrinogenesis matures and collagen content between the
myocytes increases during the months and years, it would be logical to observe
conduction abnormalities at the later phase. However, no significant increase in
severe arrhythmias has been observed or reported33380, On the other hand, case
reports describing severe conduction abnormalities requiring a pacemaker 10-20
years after thoracic RT have been published381-383,
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2.3.2.3  Single photon emission computed tomography

Single photon emission computed tomography (SPECT) is used to detect changes
in myocardial perfusion either during physical exercise (ischemia) or at rest (scar
tissue). Therefore, SPECT is a functional image modality and is regarded reliable in
the diagnosis of an ischemic heart disease and in the assessment of myocardial
function and viability?$4. However, smaller subendocardial infarcts can be missed
with SPECT-imaging3%. SPECT uses radionuclide tracers that behave like
microspheres with a longer-term distribution, allowing the tracer injection to be

decoupled from the actual imaging process with CT384,

After thoracic RT, subclinical changes in myocardial perfusion by SPECT have
been observed. Gyenes et al386 detected new fixed (both under stress and at rest)
SPECT pertfusion defects in 6/12 patients at 13 months after breast RT. In
addition, these defects were located in the anterior parts of LV corresponding to
areas receiving higher radiation doses. Similar results were observed by Lind et
al?! who performed SPECT (only at rest) at 6, 12 and 18 months after left-sided
breast cancer RT. In their study, perfusion defects at 6 months were found in the
region supplied by left anterior descending artery (LAD). The defects associated
independently with the percentage of irradiated LV (<0.01), hormonal therapy
(p=0.005) and baseline hypercholesterolemia (p=0.006). The SPECT results did
not change significantly between 6 and 12 or 18 months post-RT. In addition,
Eftekhari et el387 observed new defects in anterolateral and apical walls in stress-
SPECT at 6 months after RT in left-sided breast cancer patients (n=35) compared
to right-sided patients (n=36)(p<0.05). These observed changes reversed in
SPECT performed at rest. On the contrary, in a trial involving 32 node-positive
left-sided breast cancer patients with a mean cardiac dose of 2.8 Gy (range 1.1-6.1
Gy) significant changes in stress-test SPECT were not detected (p=0.38) at 1 year
after RT388,

The incidence of new perfusion defects increased with time from 27%, 29%,
38% and 42% in a time-scale of 6, 12, 18 and 24 months after RT in a study by
Marks et al3%. Perfusion defects occurred significantly more often in patients with
>5% of LV inside the RT fields. These RT-induced perfusion defects appear to be
long-term, as Prosnitz et al observed defects in SPECT-scans repeated at 3 and 6
years after left-sided breast cancer RT3%.
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In addition, SPECT or other nuclear imaging could be useful in detecting early,
subclinical chemotherapy- or targeted therapy-induced cardiac defects3!. Small
trials are published regarding SPECT detected cardiotoxicity of taxanes’? and

anthracyclines393.3%4,

2.3.2.4  Positron emission tomography

Positron emission tomography (PET) is a nuclear imaging technique. It uses
radioactive analogues of normal substrates (such as glucose or water) that are used
by metabolically active cells. The radioactive component allows the dynamic
imaging using a PET-scanner. The acquired images are often fused with either CT
(PET-CT) or MRI (PET-MRI) to allow anatomical evaluation of metabolical
changes. In heart, myocardial perfusion imaging with PET allows global and

regional measurements of perfusion, blood flow as well as function at stress and
rest.395-397

PET can be used to detect RT-induced cardiac changes. 18F-fluorodeoxyglucose
(FDG) is the most commonly used radioactive analogue and reflects the glucose
intake of active cells. Unal et al®® performed FDG-PET-CT in 38 patients at 4
months after thoracic RT. In this study, 28/38 patients were found to have
significantly (p<0.01) higher regional myocardial FDG uptake in the irradiated
cardiac segments than in the non-irradiated segments. Similar results were reported
in a case report by Zophel et al’®, in which the areas of increased up-take in PET
correlated with the areas receiving higher radiation doses. As FDG-PET
characterizes inflaimmation in cardiac tissue#®, the observed subacute changes most
likely reflect the inflammation induced processes. Interestingly, increased vascular
PET-activity in aorta or vena cava has been shown to reflect the risk of future
cardiovascular events in cancer patients (73% of the study population had received

treatment for cancer, and 18% had received thoracic RT) 401,

In addition to FDG, other substances have been tested in cardiac PET-scanning.
These include 13N-ammonia, 150-water, 82Rb and 18F-flurpiridaz-radiotracers37.
Cardiac PET-CT/MRI is becoming an essential part of cardiac diagnostics -
especially in inflaimmatory diseases such as cardiac sarcoidosis, arteritis, coronary

artery disease- as the availability of PET-scans increases in clinics396397.400,
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2.3.2.5  Echocardiography

Cardiac echocardiography is the most widely used imaging technique in cardiology.
It allows both structural and functional evaluation of heart in real-time and at low-
cost. 2D-, 3D- and Doppler-imaging among other newer technologies can
accurately measure chamber sizes, wall thicknesses, ventricular functions both in
systole and diastole, valvular anatomy as well as blood-flow velocities and
hemodynamics. Furthermore, advances in technology have made it possible to
store echocardiography data digitally and analyze it retrospectively. In addition,
echocardiography is non-invasive and non-ionizing and therefore safe to the
patient, but pendent of the experience of the performer.402-404

Left ventricular diastolic function

At systole, kinetic energy is stored at the myocyte level (actin-myocyte interaction)
as well as at the structural level by LV rotational movement. In early diastole this
energy is discharged, resulting in an active restoration of LV diastolic volume and a
negative pressure inside the LV. This negative pressure opens the mitral valve and
induces passive blood flow from the left atrium (LLA). This early part of filling
accounts of 80% of the final end-diastolic volume under normal conditions and is
measured and described in echocardiography as the ventricular filling velocity E
(Figure 7). The latter part (ventricular filling velocity A) of the filling is caused by
atrial contraction, which forces additional blood into the LV in patients with sinus
thythm. The E/A ratio can be used in diagnostics, since it is reduced (E/A <1) in
diastolic dysfunction.402405,406

Diastolic filling can be impaired for a number of reasons. The first part of the LV
filling can be reduced or prolonged by numerous factors such as systolic heart
failure or dyssynchrony, LV hypertrophy or simply by aging. The atrial filling can
be impaired by non-compliant stiff myocardium or by increased LV filling
pressure. Rarely, mitral valve stenosis can be the limiting factor in LV filling. A
number of echocardiographic parameters in addition to the E/A ratio desctibe LV
diastolic function: the velocity of mitral annular movement e’(relaxation),
isovolumetric relaxation time IVRT (LA pressure) and deceleration time, dt, among
the basic measurements (Figure 7). The combined information will allow the
grading of diastolic dysfunction (I-IV).402:405.406
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Figure 7. Measurements of left ventricular diastole in echocardiography. Mitral inflow measurements
are displayed in figure 7A. The measurements are taken at the mitral valve opening level. The first
part of the mitral inflow (E-wave) and its length (dt, declaration time) are directly related to left
ventricles active relaxation properties. The A-wave is created by active atrial contraction in patients
with sinus rhythm. In figure 7B measurement of isovolumetric relaxation time (IVRT) is displayed. The
measurement is taken at the midpoint between mitral valve and left ventricular outflow track from
closing signal of aortic flow to opening signal of the mitral valve inflow. All diastolic measurements are

taken at the end-expirium and with pulsed Doppler.
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Subclinical diastolic changes in echocardiography after thoracic RT have been
evaluated in a few studies. Dogan et al*07 found a decrease (p<<0.01) in E and the
E/A ratio and increases (0<0.01) in dt and IVRT after thoracic RT in 40 patients.
Likewise, Cao et al*08 observed negative diastolic changes in patients (with or
without concurrent trastuzumab) measured immediately, at 3 months and 6
months after RT. On the contrary, Erven et al?*0 did not detect any significant
changes in E/A or dt after RT in patients with previous adjuvant chemotherapy. In
addition to conventional parameters, strain rate imaging can be used to evaluate
diastolic changes. Lo et al*® observed decreases (p<<0.05) in the longitudinal
diastolic strain rate at 6 weeks after left-sided breast RT; however, the

circumferential strain rate remained unchanged.
Left ventricular systolic function

After breast RT, subclinical changes in echocardiography have been observed with
more thorough and sophisticated echocardiographic methods than the traditional
measurement of LV’s EF (LVEF). Strain or strain rate imaging (SRI) is a sensitive
method that can be used to describe LV’s systolic function. It can measure both
global or regional strain as well as changes in the longitudinal or circumferential
contraction*10411, Erven et al?% performed sequential echocardiographs with SRI
for 75 women (51 left-sided and 24 right-sided) before RT, immediately after RT,
and at 8 and 14 months after RT. All patients had received adjuvant chemotherapy.
A decrease in SRI was observed at all measured time-points after RT in the left-
sided group (p<0.01), but not in the right-sided group. Conventional
echocardiographic parameters did no change significantly. Lo et al* observed
similar results with strain imaging among 40 women after left-sided breast RT
without prior chemotherapy. In this study, the global longitudinal strain (GLS) and
radial strain reduced significantly (p<<0.05) from baseline whether measured during
RT (after 3-4 weeks) or at 6 weeks after RT while the LVEF remained unchanged.
Heggemann with his colleagues*!? followed 49 left-sided breast cancer patients with
both echocardiography and MRI at 6, 12 and 24 months after RT. Longitudinal
strain was reduced in apical-anterior, apical-inferior and mid-posterior segments at
24 months compared to baseline corresponding to LV volumes receiving higher
RT doses.
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Right ventricular systolic function

The major component of RV systole is RV’s longitudinal contraction. It can be
measured as total displacement of the tricuspid annulus from end-diastole to end-
systole (TAPSE, tricuspid annular plane systolic excursion). TAPSE is considered
as simple, reproducible parameter of RV’s systolic function in transthoracic
echocardiography#13414, Reduction in TAPSE is a negative prognostic factor in
other cardiac diseases, such as heart failure —even in patients with preserved
LVEF#415416 pulmonary hypertension*!7 and pulmonary embolism#18:419,

Heggemann et al observed a decrease in TAPSE with echocardiography at 24
months after RT in the entire cohort of 49 left-sided breast cancer patients (-3.1
mm) and this finding was similar to those observed with MRI*2, There are no

other studies examining the effect of RT on RV functions using echocardiography.

2.3.26  Magnetic resonance imaging

MRI provides good morphologic views of the heart, pericardium and great vessels.
Differently weighted images allow visualization of oedema*. Using contrast agents
(most often gadolinium-based agents), one can gather information of myocardial
perfusion. Even very small areas of myocardial damage can be depicted*21422. In
addition, information regarding changes in both the myocardium and the
interstitium such as inflammation and fibrosis*?3424 as well as changes in functional

parameters similar to those in echocardiography can be obtained*2.

Heggemann et al*2 performed MRI after breast RT and observed, that LVEF at
6 months was significantly reduced from baseline in patients without prior
chemotherapy (p=0.005). The decrease was, however, transient and normalized
later in the follow-up. In patients who had received prior chemotherapy, no
changes in LVEF were observed during RT. In basic parameters, both mitral
annular plane excursion (MAPSE, LV function) and TAPSE (RV function) were

reduced over the entire study population.

The European Association of Cardiovascular Imaging (EACVI) and the
American Society of Echocardiography (ASE) expert consensus statement suggest
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using MRI to detect radiation induced heart disease (RIHD) second-line after
echocardiography. The role of MRI is strongest in detecting cardiac fibrosis, yet the
role in pure radiation-induced fibrosis in still unestablished*2¢. In studies addressing
this issue*?’, most patients had received prior chemotherapy, which in itself has
been shown to induce myocardial changes#28-430,

2.3.3  Clinical manifestation

The clinical manifestations of RIHD appear 5-20 years after RT (Table 2). The first
manifestation can be sudden and fatal, such as AMI, or slowly progressing, such as
valvular diseases or cardiac failure. Radiation induced long-term cardiac morbidities
have substantial effect to the quality of life and appear earlier in life than in women
without cardiac RT.

2.3.3.1 Ischemic heart disease

The risk of excess cardiac mortality due to ischemic heart disease is perhaps the
best-defined parameter in RIHD, as data regarding cause of death are documented
in many countries and can be combined with cancer registry data. Large population
based trials and longitudinal studies have been derived, as presented in Table 2.
Sarah Darby et al?8 published in 2005 a large US Surveillance Epidemiology and
End Results (SEER) based data study involving more than 300 000 women with
carly breast cancer. The mortality ratios were higher among left-sided vs. right-
sided patients: 1.43 for AMI and 1.60 for other forms of ischemic heart disease
after 10 years or more after treatment. Henson et al’2? did an even larger analysis in
2013, going through SEER data of more than 500 000 women. In this trial, the risk
ratio for cardiac death (all causes) in left-sided vs. right-sided patients increased
steadily during years. The highest RR, 1.90, was observed in patients treated in
1973-1982, who had undergone more than 20 years of follow-up. A smaller study
involving 4456 patients who were treated in Institut Gustave Roussy from 1954-
1984 showed an overall risk of cardiac mortality 1.76 (RT vs. no-RT) and 1.56 (left
vs. right) 27. In addition, the results of this trial indicated an increased

cardiovascular risk with time (p=0.05).
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The risk of ischemic cardiac death has been shown to be dose-dependent: the
more dose to the heart, the greater the risk. This relationship has been
demonstrated not only in trials comparing left-sided and right-sided patients, but
also in a trial comparing inner-quadrant tumors to lateral tumors in left breast*3! as
well as in a study analyzing 1859 patients, who had received RT to treat peptid

ulcer326,

The radiation effect on ischemic cardiovascular morbidity -AMI, coronary artery
disease, coronary revascularization and chronic ischemic heart disease- is of similar
magnitude than on cardiac mortality. The overall risk is for AMI is around 1.2-1.5
(Table 2). The dose-volume-effect for cardiac morbidity and mortality is best
described in a study by Darby et al in 2013%. They estimated the mean heart dose
and the mean LAD dose from RT charts of 2168 women (963 with major coronary
event and 1205 controls) as well as obtained individual patient information
regarding concurrent diseases. A striking correlation with mean heart dose and the
risk of major coronary event was observed; with every increase of 1 Gy, the risk
increased by 7.4%. Furthermore, an additive negative effect was observed, if the
patient had pre-existing cardiovascular risk factors (defined as a history of other
circulatory diseases, diabetes, chronic obstructive pulmonary disease, smoking,
obesity and regular analgesic use). No safe mean heart dose threshold dose was
identified. Similar findings regarding the additive effect of concurrent smoking
have been observed in other trials28:31. Hypertension was found to increase the risk
of coronary artery disease in a study of 961 patients as follows: right-sided, no
hypertension, HR = 1.0 (reference); right-sided, with hypertension, HR = 7.2 (95%
CL, 2.9 to 17.9); left-sided, no hypertension, HR = 4.6 (95% CI, 2.0 to 10.4); and
left-sided, with hypertension, HR = 11.4 (95% CI, 5.0 to 26.2) 30.

Radiation-induced stenoses in coronary arteries are most often located in the
anterior arteries, mainly the LAD, corresponding to the areas receiving the highest
cardiac doses during left-sided breast RT. In a study of Correa et al*2, 70% of the
stress test abnormalities noted in left-sided breast cancer patients were within the
LAD territory. In 62% of patients, who underwent cardiac catheterization, the
stenoses were located solely in the LAD. A Swedish registry based study analyzed
the coronary angiography data of 199 breast cancer patients®33. For previously
irradiated left-sided patients, the OR for grade 3 to 5 stenosis in the mid-LAD+
distal diagonal artery was 4.38 and the OR for grade 4 to 5 stenosis was 7.22
compared with right-sided patients.
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2.3.3.2  Valvular dysfunction

Exposure of heart to RT is associated with a risk of later valve damage. The
pathogenetic mechanisms underlying this damage are not clearly understood, as the
cardiac valves do not omit vascular structures. However, increased fibrinogenesis
and calcification in valves is observed after RT, within an interval of 10-20 years.
Thickening and fibrosis of valves leads to restricted motion and either valvular

stenosis or regurgitation. 43

After breast RT, McGale et al328 observed that the incidence ratio of valvular
dysfunction between left- and right-sided patients was 1.54 (95% confidence
interval 1.11-2.13, p<0.01) over a mean follow-up time of 18 years. Similarly, in
Hodgkin lymphoma (HL) patients receiving mediastinal RT, the risk was observed
to be dose-dependent*34436. In another study with HL patients, the incidence of
moderate or severe valvular dysfunction was 1% at 10 years, 4 % at 15 years and
6% at 20 years after RT with estimated mediastinal doses of 33-37 Gy*¥’-doses
substantially higher than those used for breast RT. Prior anthracycline use and
smoking are shown to further increase the risk of valvular disease compared with
RT alone in HL patients*38. Echocardiography is the method of choice to screen
valvular changes in the follow-up of patients after thoracic RT*26434, Valvular
operations can be performed for radiation-induced valvular disease either
surgically3? or percutaneously*0with a similar complication rate than with patients
with other valvular diseases.

2.3.3.3  Pericarditis

Radiation-induced pericarditis can manifest during the acute phase (inflammation)
or at the later phase (fibrosis). The latter is more serious, as it may lead to severe
constriction and HF. The overall incidence of pericarditis in breast cancer patients
was not increased in the study of McGale et al328 as it was observed in 96/37309
patients, who were not treated with RT and in 96/34825 patients with RT. Acute
pericarditis was slightly more common after RT in left-sided (n=28) than in right-
sided (n=12, p=0.03) patients, yet the absolute numbers are low. The risk of
pericarditis increases when doses >27-30 Gy are administered to the whole
pericardium and is low (<5%) when doses are <13 Gy according to QUANTEC
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estimations32. Therefore, with modern 3D RT-planning, the risk of severe

pericarditis after breast RT is low332,

2.3.3.4  Cardiac dysfunction

Cardiac dysfunction can be separated into two entities: diastolic dysfunction and

systolic dysfunction, which can occur separately or simultaneously.
Diastolic dysfunction

The term “diastolic function” usually denotes to the ability of the LV to fill
sufficiently to produce the required stroke volume within normal pressure limits of
LA and pulmonary capillaries. If LV filling is impaired during early diastole,
subsequently the pressure in LA must increase to ensure sufficient filling volumes
into LV. The physiological changes associated with LV diastolic dysfunction
include impaired LV wall relaxation, reduced diastolic compliance and elevated LV
filling pressure (mainly a compensatory mechanism). Furthermore, increased LA
pressure causes pulmonary venous congestion, which can manifest as dyspnea in
heart failure (HF) patients. Approximately half of the patients with clinical
symptoms of HF are found to have normal, preserved LV systolic function
(defined as an LVEF>50%), but major changes in LV diastolic parameters are
observed. Hence, the term “heart failure with preserved ejection fraction”
(HFpEF) has been introduced in cardiology, an entity in which diastolic
dysfunction plays a major role but is not solely responsible for. Alternative
diagnosis, such as COPD, CAD and valvular disease, should be ruled out and a
thorough echocardiographic evaluation should be performed before settling into
the diagnosis of HFpEF. 406,426,441

Unlike LVEF for systolic function, there is no single measurement that
characterizes diastolic function, but a combination of different indices can be used
to determine whether diastolic function is normal or impaired. Basic

echocardiographic measurements can be used to grade the diastolic dysfunction as
follows#41.:442:

1. Grade I (mild dysfunction): Abnormal relaxation of LV, usually normal filling
pressures. E/A <0.8, dt>200 ms
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2. Grade II (moderate dysfunction): E/A 0.8-1.5, E/e” 9-12 cm/s

3. Grade III (severe dysfunction): Abnormal relaxation and elevated filling
pressures. E/A >2, dt<160 ms and E/e">13 cm/s.

In addition, more sophisticated methods in echocardiography can be used to
evaluate diastolic function, such as strain rate imaging, speckel tracking to detect
torsional twisting and stress test echocardiography, as summarized by Maragiannis

et al441,

Grade I diastolic dysfunction is usually asymptomatic. The first clinical signs
often appear during physical exercise and present as reduced performance status
and fatigue. Furthermore, an extra load to heart such as atrial fibrillation may
enhance these symptoms. In grade III dysfunction, dyspnea and reduced
performance status manifest during normal, daily activities and a diagnosis of
chronic heart failure (HF/HFpEF) can be made. Known risk factors for HFpEF

include hypertension, diabetes, female gender and age. 43444

The mechanisms underlying diastolic dysfunction have been sought. Naturally,
factors that modify the relaxation and stiffness of LV wall are a major cause.
Comorbidities may induce a systemic pro-inflaimmatory state causing endothelial
inflaimmation*5. Inflimmation leads to oxidative stress (ROS/NOS-induced),
which increases diastolic dysfunction by inducing fibrosis and myocardial
hypertrophy (by decreasing low protein kinase G activity) and altering intracellular
calcium-handling#4>-447. Increased fibrosis in LV wall is associated with diastolic

dysfunction48449,

Treatment options to treat early grade diastolic dysfunction concentrate to the
risk factors. Hypertension and diabetes should be treated optimally. Dietary
changes are introduced and physical activity is encouraged in obese patients to
induce weight loss. If symptomatic HFpEF has evolved, medications (diuretics,
ACEIL ARB, beetablockers) can mitigate the symptoms, but most of these agents
have failed to decrease the mortality or hospital admissions due to HF43. Only
one beetablocker, nebivolol, has been shown to improve these end-points in a

randomized trial*0. New drugs for treating HFpEF are eagerly awaited*43.
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As the concept of HFpEF has emerged only within the last 10 years in the field
of cardiology, there are no long-term data regarding the incidence of severe
diastolic dysfunction in breast cancer survivors after RT. As presented in section

2.3.2, subclinical diastolic changes have been observed in patients after RT.
Systolic dysfunction

Cardiac systolic function most often refers to the LV’s systolic capability. If the
LVEF is threatened by decreased myocardial contractibility, compensatory
mechanisms are initiated to sustain the EF. These responses include increases in
heart rate, the Frank-Sterling mechanism, catecholamine release, an activation of
RAS and atrial natriuretic peptide release. Unfortunately, these mechanisms often
only exacerbate the vicious cycle of cardiovascular stress in the long-term and
eventually lead to HF.451

Echocardiography is the recommended imaging modality to detect systolic
dysfunction or HF due to its availability, portability, safety and low-cost. Most
often, an LVEF cutoff of <40% is used to determine systolic dysfunction. A
normal LVEF (e.g. the percentage of blood volume pumped out of the total LV
blood volume during systole) ranges from 50-70, while the range 40-50 is often
called a borderline. In addition to providing the LVEF, a good echocardiography
report must state the LV dimensions as well as an estimation of wall motion

abnormalities to evaluate the LV systolic function.402:404

The clinical symptoms of HF include shortness of breath, coughing and fatigue.
These originate from the increased pulmonary pressure and congestion. Additive
workload to RV due to LV HF may also lead to right-sided HF, which is
characterized by peripheral oedema (commonly known as pitting oedema). The
clinical severity of HF is often graded using the New York Heart Association
(NYHA)-scale, which was developed in 1928452:
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NYHA Symptoms

1 Cardiac disease, but no symptoms and no limitation in ordinary
physical activity

11 Mild symptoms (mild shortness of breath and/or angina) and slight
limitation during ordinary activity

111 Marked limitation in activity due to symptoms, even during less-than-
ordinary activity, e.g. walking short distances (20—100 m).

Comfortable only at rest.

v Severe limitations. Experiences symptoms even while at rest.

Chronic HF can be caused by ischemic heart disease, cardiomyopathies or in rare
cases inflammatory heart diseases— basically every cardiac disease, if chronic or
untreated, can eventually lead to HF. The long-term incidence of HF is increased
in breast cancer survivors (HR 1.95, 95% CI 1.27-3.01) 43, Furthermore, the risk of
HF is associated with increased cardiac doses (RT to the internal mammary lymph

nodes) as demonstrated in the study by Hooning et al3!.

2.3.4  Confounding factors to cardiotoxicity

2.34.1  Obesity

Obesity is a known risk factor for breast cancer recurrence and mortality as well as
for overall mortality. A meta-analysis by Chan et al*>4, which included 213 075
breast cancer sutrvivors, analyzed the effect of body mass index (BMI, kg/m?) on
breast cancer mortality and overall mortality. BMI was categorized as underweight
(<18.5), normal (18.5-<25), overweight (25-<30) and obese (>30). The relative
risks (RRs) of total mortality were 1.41 (95% CI 1.29-1.53) for obese, 1.07 (1.02-
1.12) for overweight and 1.10 (0.92-1.31) for underweight. The risk was highest
among obese premenopausal patients, whose RR was 1.75 (1.26-2.41). In addition,
each 5 kg/m? increase in BMI before, <12 months after and >12 months after the
breast cancer diagnosis increased the risk of overall mortality by 17%, 11% and
8%, and breast cancer mortality by 18%, 14% and 29%, respectively.
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The biological mechanisms underlying this additive risk are not clearly
understood, but modified host factors such as abnormal production of leptin,
adiponectin, steroid hormones and insulin as well as ROS-induced chronic
inflammation, are thought to be involved*35. Regarding the heart, being overweight
or obese is associated with LVH independent of blood pressure levels*¢. One
proposed mechanism is, that obesity induces pathological cardiac hypertrophy via
the hypoxia-inducible factor (HIF) pathway by increasing the production of several
proinflammatory cytokines and by inducing the overexpression of key
cardiomyopathy-associated genes in adipose tissue*s’. Furthermore, this chronic
inflammation is thought to enhance coronary artery disease in obese patientss,

A BMI >30 was found to be a risk factor (RR 1.57, p=0.002) for major coronary
events after breast cancer adjuvant RT in the study by Darby et al? whereas a BMI
<30 was not found to increase the risk. The other large trials (Table 2) have not
systematically evaluated the effects of BMI on RIHD.

2.34.2 Hypertension

It is widely known that hypertension causes different cardiac complications, such
as left ventricular hypertrophy (LVH) as a result of increases in cardiac workload,
and increases the risks of ischemic heart disease and HF#9-461, In addition,
hypertension has been found to be a moderate risk factor for breast cancer

incidence#62:463,

As hypertension is a common CVD among postmenopausal women, many
studies have addressed the safety of hypertensive medications with regard to breast
cancer incidence, breast cancer recurrence rate or breast cancer mortality. Some
studies have noted an increased risk of breast cancer recurrence** or second
primary breast cancer in patients using ACEIs*2. On the contrary, the use of
ACEIs has been shown to decrease the risk of breast cancer recurrence in
others#65-467 In a large British study involving almost 380 000 ACEI/ARB-users,
no evidence of an increased overall cancer risk was found+s. A slight increase in
breast cancer incidence was obsetved with the use of ACEI/ARB (HR 1.11(1.01-
1.21)), but longer treatment durations did not seem to be associated with a higher
risk. In the same study, the use of ACEI/ARB was associated with a protective
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effect on lung cancer incidence. According to the authors, non-causal mechanisms
cannot be ruled out and the beneficial effects of ACE/ARB on cardiovascular

morbidity and mortality substantially outweigh the possible breast cancer risk. 468

Harris et al observed that the incidence of ischemic heart disease was increased
after breast RT in patients with prior hypertension 3. In addition, hypertension is
found to be an independent risk factor for higher coronary artery calcium score at
12 years after left-sided breast RT (p=0.022) 469,

2343  Smoking

Smoking in general is known to induce carcinogenesis and cancer due to various
mutagenic substances. Accumulating evidence indicates that the risk of breast
cancer among smokers is increased. A meta-analysis*’0 demonstrated that among
current active smokers the summary RR was 1.13 (CI 1.09-1.17) in different
prospective studies (n=27) and 1.08 (0.97-1.20) in retrospective studies (n=22). In
patients with a history of former smoking, the RR was 1.10 (1.09-1.12) in 27
prospective studies and 1.08 (1.02-1.14) in 44 retrospective studies. In addition,
smoking is attributed to an increased risk of breast cancer mortality. In two
different trials the RR was 1.3 (CI 1.2-1.5) 47 and 1.75 (CI 1.13-2.60) 472,

Smoking increases the risk of cardiovascular mortality and morbidity. For the
peripheral artery disease, the pooled OR was 2.71 (CI 2.28-3.21) 473. For acute
coronary events, the polled OR was 1.98 (1.75-2.25) 474, for stroke 1.58 (1.40-1.78)
474 and for cardiovascular mortality 2.07 (1.82-2.306) 474 (p<<0.01 in all). The effect of
smoking on the risk of coronary heart disease is even higher in women than in
men: the pooled adjusted female-to-male relative RR of smokers compared to non-
smokers was 1.25 (1.12-1.39, p<0.01) 475. Even passive smoking has been shown to
increase the risk of coronary heart disease with a RR of 1.25 (1.17-1.32, p<<0.01) 476,
In addition, an increase in cardiovascular risk was observed in every meta-analysis

with increasing tobacco consumption and additional smoking years#73-476,

The “2014 Surgeon General's Report: The Health Consequences of Smoking—
50 Years of Progress” summarized also the known risks of smoking during active
cancer treatment*”’. These data were reviewed by Warren et al in Lancet Oncology
2014478 with the following conclusions regarding the concurrent smoking during

curative-intent RT: smoking increases the risk of cancer mortality in head and neck
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cancer with an HR of 2.19-2.51 and in prostate cancer with an HR of 2.86-4.27.
Concurrent smoking during RT increases the risk of secondary cancers: after breast
cancer RT with concurrent smoking the RR of lung cancer is 8.96. Furthermore,

the long-term pelvic toxicity is increased with concurrent smoking.

The decreased effect of RT to tumors in current smokers is thought to evolve
from the increased blood carboxyhemoglobin-concentration, which decreases the
tumor oxygen utilization*79480, Likewise, the incidence of radiation pneumonitis
after breast RT is found to be less in patients with current smoking (OR 0.0,
p<0.01) 4. However, the effect of smoking to long-term cardiovascular
complications after breast RT is well established and especially the risk of MI

increases28.31,

2.3.4.4  Hypercholesterolemia

High serum cholesterol levels, especially high low-density lipoprotein (LDL)-
cholesterol levels, are regarded as cardiovascular risk factors. Increased levels of
LDL are associated with an increased risk of coronary heart disease, while higher
levels of high-density lipoprotein (HDL) cholesterol appear to be cardioprotective.
Statins are widely used to lower the risk of CVD due to hypercholesterolemia in

both primary and secondary prevention. 482-484

The effect of hypercholesterolemia and statin use on cancer incidence has been
searched. Thus far, not even in large meta-analysis, the statin use has not been

shown to affect cancer incidence, prevention or prognosis. 485-488

The combination of hypercholesterolemia and cardiac irradiation induces an
inflammatory response, microvascular and endocardial damage, and accelerates the
development of coronary atherosclerosis®®%40, In a study by Lind24,
hypercholesterolemia was associated with LV perfusion defects in SPECT at 6
months after RT
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2.3.4.5 Diabetes

Diabetes mellitus, as well as obesity, is a known risk factor for breast cancer
incidence. A large 2013 meta-analysis demonstrated that the overall HR for breast
cancer incidence was 1.23 (95% CI 1.12-1.34) in patients with diabetes #1. In
another meta-analysis, the breast cancer risk was related to type II diabetes in
postmenopausal women, but not to type I or premenopausal diabetes*2. In this
study, the risk of breast cancer was 27% higher among women with type II
diabetes and after adjusting for BMI, the corresponding risk was 16% higher.

Diabetes not only increases the breast cancer incidence, but also worsens the
outcome. In the meta-analysis by De Bruijn et al*! the RR for breast cancer
mortality was 1.38 (1.2-1.58) in diabetic patients. In addition, the risk of overall
mortality was twice as high in women with a glycohemoglobin (HbA1C)>7.0%
than in women with an HbA1C <6.5% (HR 2.35; 95% CI 1.56-3.54) 493.

Cardiovascular morbidity and mortality is increased among patients with
diabetes. In a meta-analysis, the adjusted HR was 2.00 (95% CI 1.83-2.19) for
coronary heart disease, 2.27 (1.95-2.65) for ischemic stroke, 1.56 (1.19-2.05) for
hemorrhagic stroke and 1.84 (1.59-2.13) for unclassified stroke**. The HR of
vascular mortality among diabetic patients was 2.32 (2.11-2.56) 495. The effect of

different glucose-lowering drugs on cardiovascular outcome are under research#.

The effects of radiation under hyperglycemic conditions have not been studied
widely. In a cell model, hyperglycemic retinal microvascular cells expressed more
DNA damage after radiation than normoglycemic cells*”’. Hyperglycemia during
chemoradiotherapy of glioblastoma patients is observed to impair the prognosis,
but the mechanisms are not known#%. Furthermore, after whole brain RT, the
long-term negative changes in the brain white matter were increased in patients
with poor glycemic control (p<<0.01) #9. Darby et al? explored the risk of major
cardiovascular incidents after breast RT and determined that the RR for such

events was as high as 3.23 (p<0.01) in patients with known diabetes.
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2.34.6  Hormonal status

Premenopausal women are known to have less CVD than men of the same age,
and the risk of CVD increases after menopause5V. This protective effect in
premenopausal women has been largely attributed to estrogen. With high hopes,
two large randomized trials - Women’s Health Initiative (WHI)- were launched
involving postmenopausal women to evaluate the effect of estrogentprogesterone
replacement therapy on CVD incidence and CV mortality>01.502, These studies
accrued 10 739 women receiving estrogen only or placebo and 16608 women
receiving combination therapy or placebo. Both studies were terminated early due
to observed risk factors: the HR for coronary heart disease was 0.91 (0.75-1.12)
among patients receiving estrogen only and 1.29 (1.02-1.63) among patients
receiving estrogen+progesterone combination therapy. Moreover, the HRs of
breast cancer were 0.77 (0.59-1.01) and 1.26 (1.00-1.59), for stroke 1.39 (1.10-1.77)
and 1.41 (1.07-1.85) and for pulmonary embolism 1.34 (0.87-2.06) and 2.13 (1.39-
3.25), respectively. These results, even after more than 10 years, remain
controversial, especially if there is a subgroup of patients (mainly perimenopausal)
that would benefit from hormone replacement therapy (HRT) in the prevention of
CVD503504, In a Danish study, the HRT use started early at perimenopause
decreased the risk of the indicated primary endpoints (death, admission to hospital
for HF or MI) with a HR 0.48 (0.26-0.87, p=0.015) 305, However, the current
guidelines recommend using HRT only to treat menopause-induced symptoms, not
to prevent CVID>0,

Left ventricular diastolic dysfunction (LVDD) is coupled to postmenopausal
hormonal status. The mechanism behind this phenomenon is thought to be the
activation of RAS due to reduced estrogen levels. Angiotensin II levels increase in
tissues, enhancing cardiac hypertrophy, diastolic dysfunction and cardiac
fibrosis307.508, Estrogen receptor B (ERP) stimulation is shown to block the effects
of angiotensin 1507509, As a consequence of the increased tissue angiotensin II
levels and low estrogen levels, the NOS system produces ROS, which further
contributes to negative changes in cardiac functions>!. Diastolic function can be
improved in postmenopausal patients with both tibolone (a steroidal hormone) and
HRT5!. In a study by Cao et al, LVDD was observed in 20.7% of pre-menopausal
patients and 42.4% of postmenopausal patient (HR 4.96) 408,

The function of RV is also prone to changes in estrogen levels. In a mouse

model of pulmonary hypertension, the RV contractibility was improved with
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estrogen>2. The expression of ERP in tissues is upregulated after RT and it is
thought to represent a protective tissue response to radiation injury5!3. Likewise,
ERP promotes healing after vascular inflammation and ischemia5!4515,

2.3.4.7 Tamoxifen use

Although tamoxifen is an ER antagonist, it omits cardioprotective effects due to
selective estrogen receptor modulation (SERM). Tamoxifen use decreases the
incidence of coronary heart disease (CHD) (HR 0.83; 95% CI 0.70-1.00) and
cardiac mortality (HR 0.72; 0.53-0.97), and within the years of active use the benefit
is even more pronounced 516517, Similar results regarding the protective effect on
CHD were observed in at trial involving prolonged tamoxifen use (10 years vs. 5
years), with a HR 0.76 (0.60-0.95, p=0.02) favoring the longer tamoxifen use518,

The actual mechanisms behind this benefit are not thoroughly known. In mouse
models, tamoxifen has prevented cardiac hypertrophy, omitted protective effects
after myocardial infarction as well as altered myocyte contractibility>19-521,

The concurrent use of tamoxifen during breast RT is shown to increase the rate
of lung fibrosis?79.293294, One explanation to this is the increase of TGFp by
tamoxifen522. No specific data is available regarding the risk of long-term cardiac
toxicity between concurrent or sequential tamoxifen uses, although in a study by
Lind et al, the use of tamoxifen during RT was associated with SPECT changes241.
Regarding the local control and breast cancer survival rate, both approaches appear
to be similar523,

2.3.4.8 The use of aromatase inhibitors

As Als further decrease serum estrogen levels in postmenopausal women, negative
cardiovascular effects were feared to occur in the follow-up. Data from studies
involving rodents indicate, that aromatase plays an important protective role in
cerebrovascular function especially in female mice>?%. In the recent EBCTCG
meta-analysis comparing the effect of Al, tamoxifen or the sequential use of both
on breast cancer recurrence, breast cancer mortality and overall mortality in patient

level-details, did not observe any significant differences in heart-related or vascular-
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related mortality between the groups!!2. However, this EBCTCG meta-analysis did
not incorporate details regarding long-term cardiac morbidity. Another meta-
analysis by Amir et al, analyzed the toxicity of endocrine treatment and an OR of
1.26 (95% CI 1.1-1.43, p<0.01) was observed for CHD in patients receiving Al vs.
tamoxifen?>. In a retrospective study of angiography patients using Al or
tamoxifen, Al use increased the risk of coronary artery disease with an HR 3.23
(95% CI 1.26-8.25) 526, Likewise, a follow-up study by Obi et al involving 2542
breast cancer survivors at 69 months after diagnosis demonstrated that Al use was
associated with an increased risk of CVD (HR 1.42; CI 1.09-1.84) 527

The concurrent use of Al during RT is observed to have synergistic effect in cell
models328529, In clinical trials, sequential and concurrent use are equally effective
with respect to preventing breast cancer recurrence and mortality530.531, In a study
by Bourgier et al530, a 6-year analysis of the concurrent vs. sequential Al use was
published. This analysis did not identify any differences in cardiac outcome or
cardiac symptoms. However, the study was small in size, (75+75 patients at the
beginning of the study, only 34+306 assessed at 6 years), included both left- and
right-sided patients and the only method of cardiac evaluation was CT (measuring
the cardiac surface area). Furthermore, the follow-up time was insufficient.

2.34.9 Chemotherapy

In adjuvant breast cancer chemotherapy, the most commonly used regimens
include taxanes, anthracyclines, 5-fluorouracil and cyclophosphamide. All of them
are cardiotoxic with slightly different mechanisms.

Taxanes

Taxanes (docetaxel and paclitaxel) bind to the intracellular tubulin, causing
microtubule bundling and interference with mitosis. In addition, taxanes induce
apoptosis and impede angiogenesis.532

The cardiotoxicity of taxanes is less well documented than that of anthracyclines.
In trials, asymptomatic sinus bradycardia is rather frequent (30%)533, but more
severe cardiac disturbances (ischemia or conduction abnormalities) have been

detected in only 5% of patients534. Shimoyama et al535 evaluated cardiac functions
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in a small study involving 10 patients receiving docetaxel-treatment. They observed
subclinical changes in the LV diastolic functions (E/A ratio, deceleration time) one
day after the infusion (p<0.05) In breast cancer patients, taxanes are usually
administered sequentially with anthracyclines'!¢117, which hampers the analysis of

taxane-induced cardiotoxicity in larger breast cancer trials.
Abnthracyclines

The target of anthracyclines is topoisomerase II, which is present in both
cancerous tissue (a) and heart (B). This binding initiates various detrimental
processes involving multiple pathways. The biological mechanism of anthracycline-
induced cardiac damage is thought to involve ROS generation leading to oxidative

stress.236.537

The clinical presentations of anthracycline-induced cardiotoxicity —are
cardiomyopathy and progressive HF. The decrease in LVEF can appear ecarly
(within first year) or later. The incidence of HF depends of the total cumulative
anthracycline dose and prior CV risk factors.>36.538-540

In recent breast cancer trials the incidence of HF or cardiomyopathy was 1.2%
(95% CI 1.0%-1.5%) after anthracycline-based chemotherapy at 1 year and 4.3%
(3.5%-5.0%) at 5 years. The incidence was similar with other chemotherapy
regimens, but increased with anthracycline+trastuzumab: 6.2% (4.1%-8.2%) at 1
year post-treatment and 20.1% (14%-25.6%) at 5 years>*l. The use of RT in this
trial was well balanced, but no distinction between left- or right-sided patients was
made.

Subclinical changes in cardiac function can be detected in much larger
proportion of breast cancer patients (>30%) after adjuvant anthracycline
treatment. These changes, which are mainly LV-function-related, can be measured
with echocardiography, strain rate imaging, SPECT and cardiac MRI393429.430,542-544,
In addition, cardiac biomarkers (troponin, BNP) can be used in the detection of
myocardial ~ damage,  hypoxia and  HF  after  anthracycline-based
chemotherapy300:370.372.544-546 These strategies can be utilized in the follow-up of

breast cancer survivors, as suggested by recent guidelines547.
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S-fluoronracil and derivatives

5-fluorouracil (5-FU) is an antimetabolite drug that exerts anticancer effects by
inhibiting thymidylate synthase (essential for DNA replication and synthase) and
incorporating its metabolites into cell RNA and DNA (to disrupt RNA functions)
548, 5-FU is infused intravenously, while capecitabine and S1 are oral 5-FU

prodrugs that are metabolized to 5-FU in tissues>¥.

5-FU is known to induce a wide range of cardiac toxicities, as reviewed by
Sorrentino et al>>0. Some form of cardiac toxicity is reported to occur in 1.5-18% of
patients. Coronary vasospasm is the most common side effect and usually emerges
during or immediately after infusion. It can sometimes lead to significant myocyte
damage even in patients without a previous history of CAD. Furthermore, 5-FU
can induce endothelial damage, autoimmune mediated myocardial damage, direct
myocardial toxicity and thrombogenic effects>>0:551, The pathophysiology behind
these is largely unknown and multifactorial routes are suggested>!.

Cyclophosphanzide

Cyclophosphamide belongs to the nitrogen-mustard group of drugs and is widely
used in many cancers. It is an inactive prodrug, and has to undergo various
enzymatic processes. Eventually, the metabolites form intra- and inter-strand DNA
cross-links and DNA-protein crosslinks leading to inhibition of DNA replication
and apoptosis>>2. Mitochondrial swelling, cardiomyopathy and increased lipid

depositions are observed in cyclophosphamide-damaged heart in rodents553.554

Cardiotoxicity of cyclophosphamide is dose-dependent: with very high doses
(>1.55 g/m?) severe cardiotoxicity occutred in 25% of patients35. Subclinical
echocardiographic changes and reversible ECG changes were observed in breast

cancer patients receiving high-dose cyclophosphamide35¢.

2.3.4.10 Trastuzumab

Trastuzumab, the monoclonal antibody of Her2-receptor, exerts cardiotoxic
effects. The exact mechanisms are not known in detail, but existing evidence
suggests that interactions with the Her2b-receptors in cardiomyocytes induce

apoptosis, decrease myocyte viability and increase the ROS production575%8, In
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healthy male volunteers, one dose of trastuzumab induced an immediate but
transient extracellular volume increase (either as a primary or as a secondary
response) 29,

The clinical presentation of the trastuzumab-induced cardiotoxity is CHF. The
decrease in LVEF, if detected eatly, is usually reversible after discontinuation of the
treatment. The incidence of cardiotoxicity is well documented, as echocardiography
has been used in many early breast cancer trials involving trastuzumab. In a meta-
analysis of more than 29 000 breast cancer patients, severe cardiotoxicity occurred
in 2.9% of early breast cancer patients treated with trastuzumab, taxanes and
anthracyclines compared with 0.92% in patients treated with only trastuzumab and
taxanes5%. In addition, cardiotoxicity was higher in smokers (5.3%) and in patients
over 60 years of age (4.91%), with BMIs >25 (6.5%), dyslipidemia (3.9%), diabetes
(6.2%), hypertension (5.5%) or prior CVD (19.1%). In a 2012 Cochrane database
analysis, trastuzumab significantly increased the risk of CHF: RR 5.11 (90% CI 3.0-
8.72, p<0.01), and the risk of LVEF decline: RR 1.83 (90% CI 1.36-2.47, p<0.01)

561

In a study by Cao et al>62, the effect of trastuzumab to cardiac functions during
left-sided breast cancer RT were evaluated. Trastuzumab use was the only
significant risk factor for LVEF decrease (mean 2.914.8% vs. 0.514.9%, p<0.01).
In addition, in the group with LVEF declines, the mean heart RT dose and low-
dose volume of cardiac structures were significantly higher than patients without
LVEF decline. The same group has also analyzed cardiac diastolic function during
concurrent trastuzumab and RT regimen*08, In this study, among patients receiving
concurrent trastuzumab, 11/29 (38%) left-sided and 8/25 (32%) right-sided breast
cancer patients developed LVDD. In patients receiving left-sided RT alone, 12/61
(20%) developed LVDD. In addition, a higher dose-volume of the heart
contributed significantly to the risk of LVDD treated concurrently with

trastuzumab.
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2.3.5  Suggested cardioprotective factors

2.3.5.1  Cardiac dose reduction

As higher radiation doses to heart are consistently shown to increase the risk of
cardiac morbidity and mortality?7:29.31.240.328408 " the cardiac-sparing techniques
(DIBH?>1-254] prone-positioning?#?) are the most effective way to reduce long-term
cardiotoxicities. In addition, attention should be paid to the reproducibility of
treatment and image guidance protocols, as cardiac position variability relative to

surface imaging occurs03,

2.3.5.2  Angiotensin converting enzymes/angiotensin Il receptor blockers

As discussed previously, RT induces activation of RAS and increases in angiotensin
IT levels, which in turn enhance fibrinogenesis3#4-347. Trials have shown a benefit of
ACEI use in prevention of radiation pneumonitis and lung fibrosis283.284.286,564 25
well as radiation nephropathy5%5. In a study by van de Veen et al?86, the use of
captopril (ACEI) in rodents during heart and lung radiation decreased the cardiac
damage: the cardiac and perivascular fibrosis was less prominent with ACEI use, as
was the LV end diastolic pressure. Likewise, in rodents, the cardiotoxicity induced
by anthracycline and trastuzumab was partially attenuated by the prophylactic
administration of RAS antagonists>66.

The first randomized trial to test the effects of ARBs (candesartan) and beta-
blockers (metoprolol) on cardiac health in early breast cancer patients was reported
in 20167, In this Norwegian PRADA-trial, the use of candesartan concurrent with
adjuvant chemotherapy (CEF*taxanes/trastuzumab) prevented the declines in
LVEF measured immediately after chemotherapy (p=0.026). Unfortunately, this
study did not report left- or right-sided patients separately and therefore the
possible prophylactic effects of ARBs on RT-induced cardiotoxicity (RT was used
in 65% of patients) could not be estimated.
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2.3.5.3  Thyroid hormone

The role of thyroid hormone in cardiovascular diseases, especially in cardiac
remodeling and recovery after AMI, has been under investigation in the recent
years568. In animal models, thyroid hormone supplementation has been beneficial
after AMI by improving cardiac functions and by reducing the myocyte damage
and fibrosis59-572, Angiotensin I and II receptor expression levels as well as
angiotensin mRNA and protein levels are elevated in RV of hypothyroid rat
hearts573. Furthermore, in diabetic rats thyroid hormone levels were decreased in
cardiac tissues despite normal thyroid hormone levels in serum and cardiac
dysfunction was present>%. In this study, low-dose triiodothyroid hormone (T3)

reversed cardiac remodeling and dysfunction.

In humans, the changes in plasma T3 levels are correlated with cardiac recovery
after AMI>>. Among patients admitted to the hospital due to chest pain, a
significant risk of future adverse cardiac events was observed in patients with low
T3 and high hscTnT (HR 11.72; 95% CI 2.83-48.57, p<0.01) 576, After pelvic RT,
low T3 was associated with prolonged and more severe radiation enteritis5?’. In
breast cancer patients, neoadjuvant chemotherapy has been shown to induce
significant changes in thyroid function: the levels of free thyroxin (T4) decreased
and the levels of thyroid stimulating hormone (TSH) increased during

chemotherapy>7s.

2.3.54  Angiotensin 1-7

Angiotensin 1-7 (Angl-7) is an endogenous heptapeptide hormone of the RAS. It
mediates biological responses by activating the mas-receptor, a G-protein coupled
membrane receptor. Angl-7 exerts cardioprotective effects in heart: it induces
vasodilatation, reduces inflammation, hypertrophy, fibrosis and thrombosis
formation — thereby counteracting the effects of angiotensin 11579, In addition, its
anticancer properties are studied>80.

In mice, administration of Angl-7 reduced radiation-induced fibrosis in skeletal
muscles. Both interstitial and perivascular fibrosis decreased (p<0.01) alongside
with decreased TGFp production and reduced muscular stiffening58!. Angl1-7 also
inhibits radiation-induced inflammation via MAP-kinase inhibition>2 and enhances

the hematopoietic recovery after total body radiation83.
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2.355 Statins

Concomitant use of atorvastatin has been shown to ameliorate radiation induced
cardiac fibrosis in a dose-dependent manner in animal models 584. Another statin,
pravastatin, has been shown to exert anti-inflammatory and anti-thrombotic
properties in irradiated endothelial cells>8>. In skin, pravastatin reduced radiation-
induced skin damage®8¢. Similarly, simvastatin has reduced the radiation-induced
tissue damage and the number of peripheral endothelial progenitor cells was

markedly increased in simvastatin administered rats>87.

In humans, the use of statin (p=0.04) or statin+ACEI (p=0.008) during radical

pelvic radiotherapy significantly reduced acute gastrointestinal symptom scores>ss.

2.3.5.6  Acetylsalicylic acid

The preventative effects of acetylsalicylic acid (ASA) on CVD and cancer (namely
colorectal cancer) are widely known; however, the potential gastrointestinal side
effects of ASA complicate its use3895%. An average daily dose of 100 mg of coated
ASA seems to confer favorable preventive effects on CV death and cancer591.

In prostate cancer patients treated with curative intent RT, the use of ASA was
associated with improved biochemical outcomes and a reduced incidence of distant
metastases’2.  In  rectal cancer patients treated with  preoperative
chemoradiotherapy, the concurrent use of ASA was associated with a higher rate of
tumor down staging (67.6% vs. 43.6%, p=0.01) and better pathological responses
(46% vs. 19%,; p<<0.01) than chemoradiotherapy alone 3. In an observational study
involving breast cancer patients, the post-diagnosis use of ASA was associated with
a lower risk of all-cause mortality (HR=0.53, 95% CI 0.45-0.63, p<<0.01) and breast
cancer-specific mortality (HR=0.42, 0.31-0.55, p<<0.01) 54, yet another study did
not find any association>”.  Whether these observed results are based on
differences in cancer biology among ASA-users vs. non-users or reflect a true

preventive effect, needs to be confirmed in randomized trials.
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3  Aims of the study

This study was designed to evaluate the acute effects of radiation and
concomitant/prior medications on cardiac functions and biomarker levels and to

enhance cardiac protection during adjuvant breast RT.

The specific aims were:

1. To evaluate, if modern 3D breast RT induces acute effects on cardiac
diastolic or systolic function measured by echocardiography

2. To evaluate, if the possible changes are dependent on the radiation dose

3. To evaluate, if myocyte damage occurs during adjuvant RT and if it can
be measured using serum hscTnT levels

4. To confirm, that modest hypofractionation does not induce more
cardiotoxicity than conventional fractionation

5. To evaluate the effects of concurrent hormone (tamoxifen, Al) therapy
on radiation-induced cardiac changes

6. To validate and improve the reproducibility of DIBH in our unit
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4  Patients and methods

4.1 Prospective study

Altogether 127 eligible patients with an early stage breast cancer or DCIS were
included in this prospective, observational single-center trial. Eleven of them
withdrew the consent, leaving 116 patients for the final analysis. All patients had to
receive adjuvant RT after breast resection or mastectomy. (Figure 8.)

Exclusion criteria included age >80 years, dialysis, recent AMI, chronic atrial
fibrillation, symptomatic heart failure, pacemaker therapy and severe lung disease.
The local ethical committee approved the study protocol (ETL R10160) and all

patients signed informed consent before study enrollment.

Baseline information was gathered from all patients including age, BMI, smoking
history, concomitant medications and diagnoses. Regarding the adjuvant treatment,
the used chemotherapy regimens, cumulative anthracycline doses and the use of
concurrent hormonal therapy with RT was documented. In this thesis, only left-

sided patients (n=060) without adjuvant chemotherapy were analyzed.

All patients underwent 3D computed tomographic (CT) treatment planning
(Philips Big Bore CT, Phillips Medical Systems, Madison, WI, USA; or Toshiba
Aquilion LB, Toshiba Medical System, Tokyo, Japan) on a breast board in supine
position with both arms above the head. Three millimeter-thick CT slices without
intravenous contrast were obtained. In total, 107 patients were scanned under free
breathing, whereas 9 last left-sided patients were scanned and treated under the
voluntary deep-inspiration breath-hold technique as this method was implemented
as clinical practice in our unit in April 2013. In this technique, the breathing cycle
was monitored using the Varian RPM system (Varian Medical Systems, Palo Alto,
CA, USA). Treatment contouring and planning were performed with the Eclipse
v.10 system (Varian Medical Systems).
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Figure 8. Patient flow chart

Planning target volume (PTV) covered the remaining breast tissue/thoracic wall
as well as regional lymph node regions in node-positive patients with sufficient

margins to account for inter- and intrafraction movements (5-8 mm in our unit).

The heart, RV, LV and LAD were contoured from the planning CT scans by the
same physician (TS). Additionally, the anterior free wall of the RV was contoured
with an estimated wall thickness of 4 mm derived from echocardiographic

examinations. (Figure 9.)
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Figure 9. The contoured cardiac structures: heart (pink), left ventricle (magenta), right ventricle (blue),
the free wall of the right ventricle (orange) and left anterior descending artery (green). Doses of 25 Gy
to the left breast are shown in colour wash.
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The radiation dose was either 50 Gy in 2 Gy fractions over five weeks with or
without an additional boost (10-16 Gy, 5-8 fractions) to the tumor bed, or 42.56
Gy in 2.66 Gy fractions (hypofractionation) over 3.5 weeks according to then-
current local guidelines; hypofractionation was recommended for grade I or II
tumors with margins over 5 mm, age >50 years and tangential breast length <25
cm. After breast conserving surgery, tangential photon fields were used to treat the
breast and additional 2-3 fields to cover the axillary and supraclavicular lymph node
regions. After mastectomy, the breast wall was treated either with tangential
photon fields or with electron fields combined with photon field to the lymph
node regions. Doses were calculated using an Anisotropic Analytical Algorithm for
photons and Generalized Gaussian Pencil Beam or Monte Carlo for electrons.
Dose—volume histograms of various structures were generated for each patient. To
account for the different dosing schedules, an o/B-ratio of 3 was used for the heart

and lung to calculate 2 Gy equivalent doses.

HscTnT (ng/l) and BNP (ng/l) wete analyzed from serum samples taken before
RT, after two (hypofractionated RT) or three (conventional RT) weeks of
treatment and at the last day of RT. As the lowest detection limit of hscTnT was 5
ng/1, the values below this (<5 ng/l) were estimated to be 4 (lowest detection limit
(LOD)/ \/2) when calculating the percentage increase from the baseline value). A
predefined increase of >30% from the baseline was considered to be clinically
significant. Total cholesterol levels (mmol/l) were measured at baseline under
fasting conditions. (Figure 10.)

A comprehensive echocardiography study and 12-lead ECG were performed at
the baseline, after chemotherapy and at the completion of RT (Figure 10.). All
echocardiography examinations were performed using the same ultrasound
machine (Philips iE33 ultrasound system, Bothell, WA, USA) and a 1-5 MHz
matrix-array X5-1 transducer by the same cardiologist. All images were acquired at
rest. Subcostal imaging was performed in the supine position, while other imaging
was performed with the patient in the lateral decubitus position with simultaneous
superimposed ECG. Doppler recordings were acquired at the end of expiration
during shallow breathing. Images were stored digitally for use with offline analysis
software (Excelera, Philips, Koninklijke, Netherlands; Qlab, Philips, Bothell, USA).
Echocardiographic measurements were performed in a standardized manner.
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Figure 10. Study flow chart.

42  Retrospective study

In the retrospective study regarding the reproducibility of vDIBH (paper IV), we
included 148 consecutive left-sided breast cancer patients receiving adjuvant RT
with vDIBH following breast conserving surgery or mastectomy. Two different
marker block positions were compared and the effect of breath hold level (BHL)

cotrection was analysed.

A marker block with two infrared reflectors was placed on the abdominal wall
between the lower sternum and umbilicus, approximately 4 cm from the xyphoid
process in the first 63 patients, who were treated from 10/2013-3/2014. The
second group of 85 patients, who wete treated from 4/2014-10/2014, had the
marker block placed on the bony sternum 4 cm cranial to the xyphoid process. The
gating window was set to a maximum of + 5 mm around the average breath-hold
level and individually further narrowed. All patients had monitors to visually guide
breathing levels.
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In our vDIBH image guidance protocol, the treatment couch corrections are
based on anterior and lateral setup images acquired using an on-board imaging
system (OBI, Varian Medical Systems, Palo Alto, CA) at least in the first three
fractions for all patients. The BHL is verified from the lateral image once a week
thereafter. Tangential breast images are acquired daily. Anterior image is acquired
once a week in patients with lymph nodes involvement to correct for potential
patient rotation. Couch corrections are required, if position errors exceed 4 mm,

and/or the BHL deviates more than 4 mm from the planned.

For these 148 patients, 1940 orthogonal setup images were matched online by
experienced radiation therapists.

The reference BHL was recorded in the AP direction using the RPM system
during the planning CT. The actual BHL was determined from the distance
between the sternum and the middle part of the vertebra from the lateral on-board
kV-images. If the measured BHL differed by more than 4 mm from that in the
lateral reference image, the height of the BHL window in the RPM was adjusted.

Residual errors of the bony surrogates of the lymph node regions were
determined offline. The potential error in distance of the heart surface inside the
treatment field was retrospectively analysed from the tangential images. The effect
of the BHL correction on the heart position inside the treatment field and the

subsequent cardiac dose were analysed.

43  Statistical analysis

Data are expressed as the mean t standard deviation (SD) for normally distributed
continuous variables and as medians with inter quartile ranges (IQRs) for variables
with non-normal distributions. The groups were compared using the t-test for
independent samples or the Mann-Whitney U test. Friedman's analysis of variance
was used for repeated measures of non-normal variables and the Wilcoxon signed
rank test was used to compare the hscTnT changes. Categorical data are expressed
as numbers (%) of subjects. The Chi-squared test was used for categorical variables
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and the Fisher's exact test was used when appropriate. The related samples
Cochran’s Q test was used to study the change in dichotomous variables measures
more than twice. Area under curve (AUC) was calculated using the trapezium rule.
All the tests were two-sided and p value <0.05 was considered statistically
significant. Analysis was performed using IBM SPSS Statistics for Windows
(version 21.0, Armonk, NY, USA, IBM Corp).
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5 Summary of results

5.1 Paper I: Early Effects of Adjuvant Breast Cancer
Radiotherapy on Right Ventricular Systolic and Diastolic
Function

In this study, 49 patients with left-sided breast RT were included. The early
radiation-induced changes in echocardiography were analyzed, with a special focus
on RV systolic functions and LV diastolic functions.

The mean age of the population was 63 (range 49-79) years. The most common
underlying diseases were hypertension (35%), hypercholesterolemia (16%),
hypothyreosis (10%) and diabetes (4%).

RT caused changes in RV systolic function. TAPSE declined in 67% of the
patients. The average reduction was 2.1+3.2 mm (p<<0.001). A decrease of >4 mm
was observed in 39% of the patients. No correlation between TAPSE and cardiac
radiation dose, smoking, ECG changes or BMI was observed. Thyroxin use
(p=0.03) and diuretic use (p=0.03) were associated with smaller TAPSE reduction.
Likewise, the use of ACEIs or ARBs tended to protect against TAPSE decline
(p=0.06). Other RV systolic parameters exhibited a tendency to decrease, although
statistical significance was not reached. Peak systolic annular velocity (S°) declined
from 12.7£3.1 to 12.2+2.7 (p=0.11) and pulmonary flow (VTI) decreased from
16.6£3.1 to 15.9£2.3 (p=0.07).

RT had no significant effect on LV systolic or diastolic function. Structural
changes were observed, as both the interventricular septum (10.0£1.2 mm vs.
10.3£1.3 mm, p=0.02) and the posterior wall (9.7+21.0 mm vs. 10.3+1.2 mm,
p=0.01) were slightly thicker after RT than at baseline.

Conclusion: Left-sided breast RT induced early changes in RV systolic functions,
especially TAPSE.
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5.2 Paper ll: The Concurrent Use of Aromatase Inhibitors and
Radiotherapy Induces Echocardiographic Changes in
Patients with Breast Cancer

This sub-study included 60 women who received left-sided adjuvant RT. Prior
chemotherapy was not allowed. 22 patients received Al concurrently with RT and
38 received RT alone. The effects of AI+RT vs. RT alone on echocardiographic
changes, ECG changes and cardiac biomarkers were evaluated. The groups were
otherwise well balanced with respect to their baseline parameters, but Al users
were more obese (mean BMI 29.0 vs. 26.2 kg/m?). Cardiac radiation doses did not
differ between groups: the mean heart dose was 3.1 Gy in both groups.

The most prominent RT-induced reduction in cardiac functions was observed in
TAPSE. Among Al users (n=22), this measurement of RV systolic function was
reduced from baseline by 3.0 mm (95% CI=1.9-4.1 mm, p<0.001). In the non-Al
users (n1=38), TAPSE was reduced from baseline by 1.4 mm (95% CI=0.3-2.4 mm,
p=0.013). The decrease in TAPSE was significantly greater among Al users
compared with non-Al users (p=0.04).

RT induced no significant changes in LV systolic function in either group. LV
diastolic measurements changed among the Al users during RT. At the end of RT,
E-wave decreased from 75+16.5 to 69.2+13.5 cm/s (p=0.006), further
accompanied by an increase in IVRT from 101%25 to 111£23 ms (p=0.12). In
non-Al users, the changes observed in LV diastole were non-significant.

Circulating serum estradiol levels were evaluated for all patients and measured at
the completion of RT. Estradiol levels were significantly (p=0.004) reduced in Al
usets (median=18 pmol/l, IQR=15-47 pmol/l) compared with non-Al-users
(median=39, 32-57), as anticipated.

No significant differences were observed in cardiac biomarkers or ECG-changes
between Al-users and non-users.
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Conclusion: The concurrent use of Al during RT for left-sided breast cancer led
to a more pronounced eatly change in RV systolic function and LV diastolic

function compared with RT alone.

5.3  Paper llIl: Troponin T-release associates with cardiac
radiation doses during adjuvant left-sided breast cancer
radiotherapy

This study included 60 patients with left-sided breast RT without prior
chemotherapy. Dose-volume histograms for cardiac substructures (entire heart,
LV, RV and LAD) were created and compared with patient hscTnT values. Two
patients were excluded from the analysis due to missing serum samples.

The levels of hscTnT increased more than the predefined 30% from the baseline
value in 12/58 (21%) patients constituting the group A. In these 12 patients,
hscTnT was detectable in 3 (25%) before RT, in 9 (75%) at 2-3 weeks during RT
and in 12 (100%) patients after RT. The median (IQR) values at these time points
were 4 (4-4.5) ng/l1, 5.5 (4.5-6) ng/l and 7 (7-9.5) ng/l, respectively. In hscTnT
stable patients (n=46, group B), the median values did not change during RT.

The baseline variables did not significantly differ between groups A and B.

The radiation doses to cardiac structures were significantly higher in troponin-
releasing group A than in group B (Figure 11). The mean heart dose was 4.0 Gy in
group A vs. 2.8 Gy in group B (p=0.02), the mean LV dose was 6.7 Gy vs. 4.5 Gy
(p=0.02) and the mean LAD dose 23.8 Gy vs. 17.5 Gy (p=0.07), respectively.

In group A, the increase in hscTnT was accompanied by minor changes in the
echocardiographic measurements. The interventricular septum thickened (p=0.01),
a finding accompanied by changes in LV diastolic function as the deceleration time
increased (p=0.008) more among group A than in group B. In other LV diastolic
parameters, the mitral E-peak decreased in both groups.
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Conclusions: The elevations in hscTnT levels suggest that adjuvant RT causes
subclinical myocardial damage in patients with left-sided breast cancer. As these
increases in hscTnT are associated with increased cardiac radiation doses, all efforts

should be made to keep the cardiac radiation doses to as low as possible.
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Figure 11. Dose-volume histograms (DVH) of the left anterior descending artery (LAD), heart and left
ventricle (LV). The solid line represents the median cardiac values in the troponin-releasing group
(group A) and the dashed line the troponin-stable group B. Gray (Gy) values are shown in the figures.
The DVH's among group A were significantly higher than those in group B.
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54  Paper IV: Improving the reproducibility of voluntary deep
inspiration breath hold technique during adjuvant left-sided
breast cancer radiotherapy

In this retrospective study, 148 consecutive left-sided breast cancer patients
receiving adjuvant RT with the vDIBH technique were included. Two different
marker block positions were compared: the first was below the xiphoid process
(abdominal wall, group A, n=63) and the second on the sternum (group S, n=85).
In addition, we evaluated the effect of active breath hold level (BHL) correction on

cardiac doses and on reproducibility during treatment.

Placement of the marker block on the sternum resulted in less random residual
errors in the actual BHL than placement on the abdominal wall. The random error
(o) reduced from 2.3 mm to 1.8 mm (p<0.05) in the AP-direction and from 3.0
mm to 2.5 mm (p<0.05) in the SI-direction. The systematic error (X) decreased
from 3.1 mm to 2.6 mm (p=0.13) in AP-direction and from 4.2 mm to 3.7 mm
(p=0.13) in SI-direction with the use of sternal marker placement.

Among patients with lymph node region irradiation (n=25 in group A, n=30 in
group S), the sternal marker block decreased significantly both the X and ¢ of the
residual errors in the SI direction (p<0.05), but the errors in the LAT direction

were similar with both marker positions.

The BHL cotrection was required for 26/63 (41%) patients in group A, and for
26/85 (31%) patients in group S (p=0.18) as the systematic error of the actual BHL
in lateral images exceeded the predefined 4 mm tolerance. The effect of this
cotrection not only improved the reproducibility (both 6 and X decreased, p<0.05)
but also translated into reduced cardiac radiation doses: the average mean cardiac
dose in group A would have been 2.6 Gy if uncorrected and 2.1 Gy after the
correction (p<<0.01), and in group S 2.9 Gy and 2.3 Gy (p<0.05), respectively.

Conclusions: In this study, we showed that a sternal position of the marker block
is superior to a lower marker block position on the abdominal wall. Furthermore,
we observed changes in the BHL during treatment compared to the reference
image. The BHL correction based on the lateral kV images significantly improved
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the reproducibility of the vDIBH and decreased cardiac doses. Image guidance is

mandatory to ensure optimal treatment results.
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6 Discussion

In this study, we prospectively evaluated early RT-induced cardiac changes using
serum biomarkers, echocardiography and ECG. In addition, we aimed to
determine whether the cardiac doses correlated with the observed changes and if
other confounding factors were present. Furthermore, to enhance the cardiac

radioprotection, we analyzed methods of optimizing vDIBH-reproducibility.

6.1 Patients

In papers I-1II, only left-sided breast cancer patients who had not received prior
chemotherapy were analyzed. We wanted to exclude the effects of prior
chemotherapy on cardiac functions and focus only on the early cardiac effects
induced by breast RT. To increase study homogeneity, right-sided patients were
excluded from the analysis. In addition, right-sided patients would not have served
as a true non-irradiated comparative group, as radiation to cardiac structures -
mainly to right atrium - occurs. These 60 left-sided patients (49 in paper I, 60 in
papers 1I and III) represent a real-life breast cancer patient population with a mean
age of 63%06 years. One-third of these patients had concomitant hypertension, a
number equivalent to the general prevalence of this disease among middle-aged
Finnish women>%. The mean BMI was 2714, falling to a category of moderate
overweight (BMI 25-30), similar to the BMI of middle-aged Finnish women in
general>’. Patients with a recent AMI or known HF were excluded in accordance
with study inclusion criteria. In papers II and III, the groups were well balanced

regarding baseline characteristics.

In paper IV, the study population consisted of 148 consecutive left-sided breast
cancer patients treated with vDIBH in our institution. As this was a retrospective
study focusing on the reproducibility of the daily treatment, no other patient
characteristics were collected except age and RT data.
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6.2  Radiotherapy

The RT contouring and beam planning were done according to local guidelines in
all patients in this single-institution study. Both conventional fractionation (2 Gy)
and modest hypofractionation (2,66 Gy) were used according to our institutional
indications, which at that time allowed hypofractionation for the breast-only
treatment in postmenopausal patients. As one of our study objectives was to
confirm the cardiac safety of the hypofractionated protocol, the two fractionation
groups were compared at all stages of the study and no differences in measured
parameters (not reported) were observed between the hypofractionation and the
conventional fractionation groups. The heart was contoured in a standardized

manner according to the cardiac atlas published by Feng et al5%.

The use of vDIBH in left-sided breast cancer patients was launched at our
institution in April 2013. The last two of the 60 patients in papers II and III were
treated with vDIBH, whereas the first 58 were treated during FB. In paper I, all
patients were treated during FB. The cardiac dose was calculated from the planning
CT, which was obtained during the FB cycle in the above 58 patients and during
vDIBH in the remaining 2 patients. Therefore, the cardiac dose is an estimate
based on the planning CT and the actual daily cardiac dose may vary substantially
depending on the set-up and the breathing phase or the BHL during the beam-on
time. In a study using daily CBCT in breast cancer RT with FB, the average
respiratory amplitude of the heart was ~4 mm in the LAT/AP direction and ~9

mm in the SI direction. Moreover, the off-line analyzed set-up variabilities of )’
were 2.4/3.7/2.2 mm and those of ¢ were 2.9/4.1/2.7 mm in LAT/SI/AP-
directions, respectively5?. In this study, the mean heart dose was increased from
the planning dose (1,9 Gy) to the actual online dose (2,3 Gy). In our patients in
papers II and III, the mean heart dose calculated from the planning CT was
3.1£1.5 Gy. That is similar to those presented in a review article by Taylor et al332
in which the mean cardiac dose in trials published between 2003-2013 was 4.2 Gy
in patients who did not receive internal mammary chain irradiation.

Even though vDIBH is superior to FB in reducing cardiac doses?>:252, it does
not eradicate the daily set-up variability and errors in the BHL. With vDIBH, the

average heart position shifts relative to the bony anatomy were 2+3 mm in the SI-,
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122 mm in the LAT- and 123 mm in the AP-direction in a study by Mclntosh et
alo0, We observed similar errors in paper IV among patients with good BHL
reproducibility: the mean signed displacement of the heart in the anterior direction
was 2.0 mm in group S and 2.9 mm in group A. In patients requiring BHL
correction, the displacement after the correction was reduced to 0.8 mm (group S)

and 2.0 mm (group A). This led to a significant reduction in the actual cardiac dose.

The set-up errors in the bony structures were improved with the positioning of
the marker block on the sternum instead of the soft abdominal wall in paper IV.
This is the first study to evaluate these two marker block positions in RPM and its
effect on the daily reproducibility. This study changed the vDIBH practices of our
institution and the marker block is now placed on the sternum in all patients
thereafter.

6.3 Cardiac serum markers

Myocardial injury caused by various clinical conditions can be measured with
hscTnT (see 2.3.2.1). In paper 111, we observed hscTnT release in 21% of left-sided
breast cancer patients without prior chemotherapy — indicating that this treatment
induced negative effects on myocardial cells. D Errico et al’® did not observe any
increases in Tnl after adjuvant breast RT, but the values were measured 5-22
months after the end of RT and therefore they do not represent the acute radiation
induced myocardial damage. Nellessen et al’2 measured Tnl weekly during and
after thoracic RT (including 5 breast cancer patients) and observed Tnl increases
during the treatment. The mean pre-RT value of Tnl was 7 ng/l and post-RT 14
ng/1, while in our hscTnT-positive group the median pre-RT hscTnT value was <5
ng/l and post-RT 7 ng/l. Unlike our patients, most of the patients in the
Nellessen’s study had received prior chemotherapy. Furthermore, we showed that
troponin release was dependent on the RT dose, as cardiac radiation doses were
significantly higher among our troponin-releasing patients (Figure 11). This finding
is consistent with those of larger studies evaluating the dose-volume effects on
cardiac risk2932.320431,

98



Our study population was too small to analyze the effects of other possible
confounding factors on hscTnT release and the baseline characteristics were
statistically similar in the hscTnT releasing and non-releasing groups in paper I11.
However, thyroid hormone supplementation was present only in patients without
troponin release (0 vs. 8 patients, p=0.19) whereas hypertension medication was
slightly more often used in patients with troponin release (50% vs. 30%, p=0.31).

There was a minor increase in BNP values during and after the RT; however, due
to wide variations in baseline values and the limited number of patients enrolled in
this study, the absolute increase was not statistically significant. However, in other
trials BNP values were analyzed as BNP ratios (BNP at some time point/baseline)
369,373,574 and increasing BNP ratios were correlated with high radiation doses in
small volumes of heart and LV362.373, In addition, higher BNP ratios were
correlated with increased cardiac volumes receiving 20, 25, 30 and 45 Gy374
Regarding the 60 patients reported in paper III, 15 had BNP ratios >1.3 at the end
of RT and the cardiac volumes receiving 45 Gy in those patients were significantly
(p<0.05) larger than those in the rest of the group (not reported). Neither the
differences in the mean heart dose nor the differences in the volumes receiving
lower doses were not significantly different. Furthermore, the prevalence of
hypertension was higher (60%) in those 15 patients than in the remainder of the
group (27%) (p<0.05).

6.4  Echocardiography

Echocardiography was performed in a standardized manner by the same
experienced cardiologist under similar conditions throughout the study. Data were
stored digitally to enable subsequent analysis and inter-observer variation tests.

In paper I, we showed that left-sided adjuvant RT induced adverse effects on
RV’s systolic functions measured with TAPSE (p<0.01) as well as caused minor
thickening to the ventricular walls. Similar subclinical decreases in TAPSE after

breast RT were observed by Heggemann et al*12. The changes in LV systolic and
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diastolic functions were not statistically significant in this 49 patient population in
paper L. The mean RV dose was 3.03£2.03 Gy and the mean anterior RV wall dose
was 6.0914.74 Gy — both high enough to cause radiation induced inflammation
and fibrosis in tissues287.333.601 The interval between the baseline echocardiographic
examination and the examination after RT was 41%11 days and therefore these
observed eatly phase cardiac changes might represent both inflammatory processes
and the early fibrotic changes?87.

In paper II, 60 Ileft-sided patients underwent similar echocardiographic
evaluations before and after RT. These patients were divided into two groups
according to Al use. The changes in TAPSE were more pronounced in Al-users
than in non-users. In addition, changes in diastolic LV function were observed in
Al-users as the mitral inflow E-wave decreased from 75£16.5 to 69.2£13.5 cm/s
(p=0.0006). Furthermore, the interventricular septum thickened in both groups.
Similar subclinical changes in diastolic functions after thoracic RT have been
reported by others#07:408, Follow-up echocardiography at three years will confirm
whether these observed changes return to baseline level or worsen in time. To
improve the knowledge of adjuvant breast radiation induced changes in
echocardiography, results from 3D echocardiography, speckle tracking and strain
imaging in our patients will be published shortly.

6.5  Observed confounding factors

In paper II, the effects of concurrent Al treatment to cardiac functions were
analyzed. As stated previously (2.3.4.8), concurrent use of Al potentiates the effects
of radiation in cell models28.52% as well as increases the long-term risk of CHD and
CVD>25527, In rodents, the start of letrozole immediately after single 12 Gy thoracic
RT increased the cardiac fibrosis compared with anastrozole or exemestan use
(p<<0.05) 992, The echocardiography changes were more pronounced in our patients
using concurrent Al, which in all but one patient was letrozole. Low serum
estrogen levels may cause these negative changes by reducing ERP activation and
thereby inhibiting its healing effects>3-515, However, the concurrent use of Al did
not significantly influence hscTnT release, as demonstrated in paper III. The
effects of concurrent Al to cardiac functions measured with speckel tracking and
strain rate imaging will be reported in the near future.
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Thyroid hormone use appeared to be beneficial with respect to preventing
TAPSE-decreases, as shown in paper 1. In paper 111, thyroid hormone use seemed
to protect the heart from radiation induced myocyte damage based on the hscTnT
levels reported therein; however this was not a statistically significant observation.
Additional studies are needed to confirm the benefits of T3/ T4 use after AMI, as
well as its role in radiation protection.

The use of ACEI/ARB tended to protect against TAPSE decline (p=0.06) in
paper L. In paper II analyzing the effect of Als on cardiac functions, the number of
patients using ACEIs/ARBs in each group was too small to evaluate the effects of
these agents on cardiac function — particularly because hypertension itself is a
known risk factor for RIHD?. Whether these drugs are beneficial in preventing

later cardiac fibrosis, will be analyzed in follow-up studies involving our patients.

6.6 Limitations

The study was non-randomized and observational and therefore the study groups
in papers II and III were not perfectly balanced according to their baseline factors.
In addition, the number of patients enrolled in the study was limited and subgroup
analyses of all possible confounding factors to cardiotoxicity could not be

performed.

6.7 Future studies

Additional analyses of the entire study group will report the combined effects of
adjuvant chemotherapy on RT-induced cardiac effects. RT induced LV and RV
strain rate functions will be analyzed. Different serum markers of inflammation
and fibrosis will be analyzed. The three-year follow-up data will be mature at the
end of 2016. In addition, a follow-up study of our patients will be performed using

echocardiography and serum markers at 6 and 9 years post-RT.
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6.8  Recommendations for cardiac protection and follow-up
during and after breast cancer radiotherapy

The trials presented in Table 2 (page 49) encourage the use of cardiac sparing RT
techniques in the adjuvant left-sided breast cancer RT to reduce the later cardiac
toxicity. Absolutely safe cardiac doses have not been presented. In the
retrospective study by Darby et al?, the risk of later cardiac morbidity and
mortality increases linearly after 0 Gy. In our unit, we have successfully
implemented the use of vDIBH in clinical practice and have so far (April 2016)
treated >600 patients with this method. As presented in paper IV, new techniques
must be validated and can be further improved during time. Substantial reductions
in cardiac doses have been achieved in whom vDIBH has been used compared to
previous FB technique since the launch in April 2013.

The European Association of Cardiovascular Imaging and the American Society
of Echocardiography have formulated joint guidelines regarding the cardiac follow-
up after thoracic radiotherapy#?¢ and cancer treatment in general>¥’. Baseline
echocardiography is recommended for all patients prior receiving thoracic RT.
Yearly clinical controls are proposed after RT to evaluate new cardiac signs or
symptoms, such as heart murmurs, chest pain or increased dyspnea. To
asymptomatic patients, a screening echocardiography is recommended after 5 (high
risk) or 10 years after RT. High risk features include both technical aspects (dose
>30 Gy, anterior or left-sided RT, lack of cardiac shielding), other treatment
related aspects (prior or concurrent chemotherapy) as well as patient derived
aspects (younger age, cardiovascular risk factors or pre-existing CVD). In our study
population in papers II and III, all patients would fall to the high risk-category
based on the left-sided treatment and the total prescribed dose. In addition, >30%
of them had other cardiac risk factors. There are no national guidelines regarding
the cardiac follow-up after RT thus far. It is our hope that our studies will facilitate

the creation of such guidelines in the future.
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7 Summary and conclusions

In these studies (I-I1I), the early cardiac changes induced by adjuvant breast cancer
radiotherapy were evaluated. Only left-sided patients without prior chemotherapy
were included in these analyses to exclude the effects of chemotherapy induced
cardiotoxicity. The effects of other concomitant medications on radiation-induced
cardiotoxicity were analyzed. In paper IV, practical methods of improving the daily
reproducibility of vDIBH radiation treatment were evaluated.

The main findings were the following:

1. Adjuvant left-sided breast RT induces subclinical changes in cardiac function
that can be observed with echocardiography at the end of treatment. These ecarly
changes were observed in RV's systolic function and LV’s diastolic functions as

well as in structural measurements.

2. Concurrent aromatase inhibitor use had an impact on cardiac functions in
patients who received left-sided breast cancer RT. More pronounced early changes
in RV’s systolic function and LV’s diastolic function were observed with
echocardiography in these patients than in patients treated with RT alone.

3. Serum hscTnT levels increased >30% from baseline in 12 out of 58 (21%)
patients. The cardiac radiation doses in these 12 patients were significantly higher
than in patients with stable hscTnT values, proposing a dose-volume relationship
to observed minor myocyte damage.

4. The daily reproducibility of vDIBH was improved by placing the RPM marker

block on the sternum instead of the abdominal wall.
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5. The actual treatment BHL varied from the reference scan BHL. Active BHL
correction based on lateral kV images significantly improved the reproducibility of

the vDIBH and decreased cardiac doses.

6. Image guidance is mandatory to ensure optimal treatment results in vDIBH.

104



8 Acknowledgements

This study was carried out at the Department of Oncology in Tampere University
Hospital and the Heart Center Co, Tampere University Hospital between 2011-
2014. Funding for this thesis was received from Pirkanmaa Hospital District
Science Center, Elna Kaarina Savolainen and Seppo Nieminen funds; from Finnish
cultural foundation, Pirkanmaa Regional Fund; from Finnish Foundation of
Cardiovascular Research and from the Finnish Medical Foundation.

I wish to thank my esteemed supervisor Professor Pirkko-Liisa Kellokumpu-
Lehtinen, MD, PhD for the encouragement, guidance and expertise throughout the
process of this thesis and for all the interesting sidetracks it has led us during the
past years. This has been a great learning experience and I am grateful for sharing

the passion to this topic.

I am indebted to my co-author and a master of echocardiology, Suvi Tuohinen,
MD for sharing the pains and joys during this study and co-writing of articles. I
hope to continue our good collaboration in the future. Furthermore, I am thankful
for Pekka Raatikainen, MD, PhD and Vesa Virtanen, MD, PhD for being part of
my steering group and for your expertise and valuable comments. Your open-
minded attitude to the original idea and the enhancement of cardio-oncology is

most appreciated.

Improving the daily verification and image guidance and thereby treatment
quality and safety has been one of the main priorities in our department of
radiotherapy during the past few years. I am happy to work in such a community,
where technical improvements are eagerly but consciously implanted to the benefit
on patients. I thank my co-authors, physicists Mika Kapanen, PhD, Eeva Boman,
PhD, Seppo Peltola, PhD and Simo Hyédynmaa, PhD and radiotherapists Marko
Laaksomaa and Mikko Haltamo for their enormous amount of work within this

field.

105



Sincere thank you to Helena Hinninen, MD, PhD and Kauko Saarilahti, MD,

PhD for taking the time to supervise this thesis and improving it with comments.

For the original idea to research this topic of radiation-induced cardiotoxicity, 1
need to thank my colleague Tapio Tulijoki, MD. He gave me the Quantec-article
regarding cardiac side effects over one coffee break — now a few years back. This
was the start of this whole cascade. My other dear fellow colleagues and friends in
radiotherapy have had to endure my tossing of ideas and hyping of findings
regarding (but not limited tol) this topic since then. Therefore: a big thank you to
Sirpa-Liisa Lahtela, Petri Reinikainen, Hanna Aula, Tuija Tuunanen, Kirista
Sillanpdd among others for listening patiently. Special thanks to Hanna Mienpii
for volunteering to read and comment my thesis and to the head of radiotherapy
Tuija Wigren for allowing to organize my work so that all of this could be made. It
is a joy and pleasure to work with you. In addition, I am grateful for the support
from the whole radiotherapy personnel, nurses and radiotherapists for their

assistance during the study and for everyday companionship.

In practical issues I got valuable help from study nurses Emmi Vettenranta and
Kirsi Maria Rintala as well as from Taina Ahlgren. I also wish to thank the study
nurses from the department of cardiology, Virpi Risinen and Hanna Nippild for
their co-operation throughout the years.

I am indebted to all the great women participating in this study.

Apart from work, I wish to thank my parents Tellervo and Pertti for their steady
support and encouragement regarding not only this thesis, but also life in general.
Combining work, research and motherhood wouldn’t have been possible this way

without you. I also thank my in-laws Liisa and Eero for your kindness and support.

Many other people should be thanked for making the ordinary days easier and
the special days more joyous. Friends, thank you for being there.

And finally, my family. A bustling crowd of hands and legs, noise, laughter — and
yet, a quite moment and a cuddle. Naatan, Nooa and Miska: you are my pride and
joy — no achievement is superior to having you. And my dear husband Henrik: you

can still make me smile.

106



107



9 References

1. Globocan. http://globocan.iarc.fr/Pages/fact_sheets_cancer.aspx.
2. Suomen syopirekisteri, www.syoparekisteri.fi. http://stats.cancerregistry.fi/stats/ fin/vfin0004i0.html.

3. Suomen sy6pirekisteri, www.syoparekisteri.fi.
http://www.cancer.fi/@Bin/112195946/Elossaololuvut_koko_maa.pdf.

4. Suomen syopirekisteri, www. syoparekisteri.fi. http://stats.cancerregistry.fi/stats/fin/vfin0034p0.html.

5. Gathirua-Mwangi WG, Zollinger TW, Murage MJ, Pradhan KR, Champion VL. Adult BMI change and risk of breast
cancer: National health and nutrition examination survey (NHANES) 2005-2010. Breast Cancer. 2015;22(6):648-656.

6. Anderson AS, Key TJ, Norat T, et al. European code against cancer 4th edition: Obesity, body fatness and cancer.
Cancer Epidemiol. 2015.

7. Bhandari R, Kelley GA, Hartley TA, Rockett IR. Metabolic syndrome is associated with increased breast cancer risk:
A systematic review with meta-analysis. In# | Breast Cancer. 2014;2014:189384.

8. Ott JJ, Ullrich A, Mascarenhas M, Stevens GA. Global cancer incidence and mortality caused by behavior and
infection. | Public Health (Oxf). 2011;33(2):223-233.

9. Romieu I, Scoccianti C, Chajes V, et al. Alcohol intake and breast cancer in the European prospective investigation
into cancer and nutrition. In/ | Cancer. 2015;137(8):1921-1930.

10. Ma H, Henderson KD, Sullivan-Halley J, et al. Pregnancy-related factors and the risk of breast carcinoma in situ and
invasive breast cancer among postmenopausal women in the California teachers study cohort. Breast Cancer Res.

2010;12(3):R35.

11. Collaborative Group on Hormonal Factors in Breast Cancer. Breast cancer and breastfeeding: Collaborative
reanalysis of individual data from 47 epidemiological studies in 30 countries, including 50302 women with breast cancer
and 96973 women without the disease. Lancer. 2002;360(9328):187-195.

12. Ketlikowske K, Cook AJ, Buist DS, et al. Breast cancer risk by breast density, menopause, and postmenopausal
hormone therapy use. | Clin Oncol. 2010;28(24):3830-3837.

13. Oeffinger KC, Fontham ET, Etzioni R, et al. Breast cancer screening for women at average risk: 2015 guideline
update from the American Cancer Society. [AMA. 2015;314(15):1599-1614.

14. Early Breast Cancer Trialists' Collaborative Group. Tamoxifen for early breast cancer. Cochrane Database Syst Rev.
2001;(1)(1):CD000486.

15. Early Breast Cancer Trialists' Collaborative Group. Multi-agent chemotherapy for eatly breast cancer. Cochrane
Database Syst Rev. 2002;(1)(1):CD000487.

16. Regan MM, Neven P, Giobbie-Hurder A, et al. Assessment of letrozole and tamoxifen alone and in sequence for
postmenopausal women with steroid hormone receptor-positive breast cancer: The BIG 1-98 randomised clinical trial

at 8.1 years median follow-up. Lancet Oncol. 2011;12(12):1101-1108.

17. Francis PA, Regan MM, Fleming GF, et al. Adjuvant ovarian suppression in premenopausal breast cancer. N Eng/ ]
Med. 2015;372(5):436-446.

108



18. Goldhirsch A, Gelber RD, Piccart-Gebhart MJ, et al. 2 years versus 1 year of adjuvant trastuzumab for HER2-
positive breast cancer (HERA): An open-label, randomised controlled trial. Lancer. 2013;382(9897):1021-1028.

19. Morris AD, Morris RD, Wilson JF, et al. Breast-conserving therapy vs mastectomy in early-stage breast cancer: A
meta-analysis of 10-year survival. Cancer | Sci Am. 1997;3(1):6-12.

20. Buchholz TA, Somerfield MR, Griggs JJ, et al. Margins for breast-conserving surgery with whole-breast irradiation
in stage I and II invasive breast cancer: American Society of Clinical Oncology endorsement of the Society of Surgical
Oncology/American Society for Radiation Oncology consensus guideline. | Clin Oncol. 2014;32(14):1502-1506.

21. Dieci MV, Arnedos M, Delaloge S, Andre F. Quantification of residual risk of relapse in breast cancer patients
optimally treated. Breast. 2013;22 Suppl 2:592-5.

22. Pfahler GE. Irradiation therapy in cancer of the breast. Can Med Assoc ]. 1933;28(6):602-604.

23. Fisher B, Slack NH, Cavanaugh PJ, Gardner B, Ravdin RG. Postoperative radiotherapy in the treatment of breast
cancer: Results of the NSABP clinical trial. Ann Surg. 1970;172(4):711-732.

24. Fisher B, Bauer M, Margolese R, et al. Five-year results of a randomized clinical trial comparing total mastectomy
and segmental mastectomy with or without radiation in the treatment of breast cancer. N Eng/ | Med. 1985;312(11):665-
673.

25. Early Breast Cancer Trialists' Collaborative Group (EBCTCG), Darby S, McGale P, et al. Effect of radiotherapy
after breast-conserving surgery on 10-year recurrence and 15-year breast cancer death: Meta-analysis of individual
patient data for 10,801 women in 17 randomised trials. Lancet. 2011;378(9804):1707-1716.

26. EBCTCG (Early Breast Cancer Trialists' Collaborative Group), McGale P, Taylor C, et al. Effect of radiotherapy
after mastectomy and axillary surgery on 10-year recurrence and 20-year breast cancer mortality: Meta-analysis of

individual patient data for 8135 women in 22 randomised trials. Lancet. 2014;383(9935):2127-2135.

27. Bouillon K, Haddy N, Delaloge S, et al. Long-term cardiovascular mortality after radiotherapy for breast cancer. |
Am Coll Cardiol. 201157 (4):445-452.

28. Darby SC, McGale P, Taylor CW, Peto R. Long-term mortality from heart disease and lung cancer after
radiotherapy for eatly breast cancer: Prospective cohort study of about 300,000 women in US SEER cancer registries.

Lancet Oncol. 2005;6(8):557-565.

29. Darby SC, Ewertz M, McGale P, et al. Risk of ischemic heart disease in women after radiotherapy for breast cancer.
N Engl ] Med. 2013;368(11):987-998.

30. Harris EE, Correa C, Hwang WT, et al. Late cardiac mortality and morbidity in early-stage breast cancer patients
after breast-conservation treatment. J Clin Oncol. 2006;24(25):4100-4106.

31. Hooning MJ, Botma A, Aleman BM, et al. Long-term risk of cardiovascular disease in 10-year survivors of breast
cancet. | Nat! Cancer Inst. 2007;99(5):365-375.

32. Gagliardi G, Constine LS, Moiseenko V, et al. Radiation dose-volume effects in the heart. In# | Radiat Oncol Biol Phys.
2010;76(3 Suppl):S77-85.

33. Filopei J, Frishman W. Radiation-induced heart disease. Cardio/ Rev. 2012;20(4):184-188.

34. Smyth LM, Knight KA, Aarons YK, Wasiak J. The cardiac dose-sparing benefits of deep inspiration breath-hold in
left breast irradiation: A systematic review. | Med Radiat Sci. 2015;62(1):66-73.

35. Broeders M, Moss S, Nystrom L, et al. The impact of mammographic screening on breast cancer mortality in
Europe: A review of observational studies. | Med Screen. 2012519 Suppl 1:14-25.

36. Coldman A, Phillips N, Wilson C, et al. Pan-Canadian study of mammography screening and mortality from breast
cancet. | Nat/ Cancer Inst. 2014;106(11):10.1093/jnci/dju261. Print 2014 Nov.

37. Tabar L, Vitak B, Chen TH, et al. Swedish two-county trial: Impact of mammographic screening on breast cancer
mortality during 3 decades. Radiology. 2011;260(3):658-663.

109



38. WHO position paper on mammography screening. Geneva: World Health Organization; 2014.
http:/ /www.ncbi.nlm.nih.gov/books/NBK269545/

39. Mulder RL, Kremer LC, Hudson MM, et al. Recommendations for breast cancer surveillance for female survivors
of childhood, adolescent, and young adult cancer given chest radiation: A report from the International Late Effects of

Childhood Cancer Guideline Harmonization Group. Lancet Oncol. 2013;14(13):¢621-9.

40. Murphy CD, Lee JM, Drohan B, et al. The American Cancer Society guidelines for breast screening with magnetic
resonance imaging: An argument for genetic testing. Cancer. 2008;113(11):3116-3120.

41. Feig S. Comparison of costs and benefits of breast cancer screening with mammography, ultrasonography, and
MRI. Obstet Gynecol Clin North Am. 2011;38(1):179-96, ix.

42. Fusco R, Petrillo A, Catalano O, et al. Procedures for location of non-palpable breast lesions: A systematic review
for the radiologist. Breast Cancer. 2014;21(5):522-531.

43. Cotlar AM, Dubose JJ, Rose DM. History of surgery for breast cancer: Radical to the sublime. Curr Surg.
2003;60(3):329-337.

44. Sprong DH, Jr, Pollock WF. The rationale of radical mastectomy; a review. Ann Surg. 1951;133(3):330-343.
45. Robinson JB. Dr. William T. G. Morton and ether. Bull Sch Med Univ Md. 1947;31(4):120-124.

46. Halsted W. Operation for cancer of the breast. Johns Hopkins Hosp Rep. 1890(2):277.

47. Halsted W. The results of operations for the cure of carcinoma of the breast. Ann Surg. 1894;20:497.

48. Agarwal S, Pappas L, Neumayer L, Kokeny K, Agarwal ]. Effect of breast conservation therapy vs mastectomy on
disease-specific survival for early-stage breast cancer. [AMA Surg. 2014;149(3):267-274.

49. Hofvind S, Holen A, Aas T, Roman M, Sebuodegard S, Akslen LA. Women treated with breast conserving surgery
do better than those with mastectomy independent of detection mode, prognostic and predictive tumor characteristics.

Eur J Surg Oncol. 2015;41(10):1417-1422.

50. Mahmood U, Morris C, Neuner G, et al. Similar survival with breast conservation therapy or mastectomy in the
management of young women with early-stage breast cancer. Iz | Radiat Oncol Biol Phys. 2012;83(5):1387-1393.

51. Bleicher RJ, Ruth K, Sigurdson ER, et al. Breast conservation versus mastectomy for patients with T3 primary
tumors (>5 cm) a review of 5685 medicare patients. Cancer. 2015.

52. Zumsteg ZS, Morrow M, Arnold B, et al. Breast-conserving therapy achieves locoregional outcomes comparable to
mastectomy in women with T1-2NO triple-negative breast cancer. Ann Surg Oncol. 2013;20(11):3469-3476.

53. Lynch SP, Lei X, Hsu L, et al. Breast cancer multifocality and multicentricity and locoregional recurrence. Oncologist.
2013;18(11):1167-1173.

54. Hamelinck VC, Bastiaannet E, Pieterse AH, et al. Patients' preferences for surgical and adjuvant systemic treatment
in early breast cancer: A systematic review. Cancer Treat Rev. 2014;40(8):1005-1018.

55. Greenberg CC, Lipsitz SR, Hughes ME, et al. Institutional variation in the surgical treatment of breast cancer: A
study of the NCCN. Ann Surg. 2011;254(2):339-345.

56. Chakravorty A, Shrestha AK, Sanmugalingam N, et al. How safe is oncoplastic breast conservation? Comparative
analysis with standard breast conserving surgery. Eur | Surg Oncol. 2012;38(5):395-398.

57. Nijenhuis MV, Rutgers EJ. Who should not undergo breast conservation? Breast. 2013;22 Suppl 2:5110-4.
58. Kett K, Varga G, Lukacs L. Direct lymphography of the breast. Lymphology. 1970;3(1):2-12.

59. Krag DN, Weaver DL, Alex JC, Fairbank JT. Surgical resection and radiolocalization of the sentinel lymph node in
breast cancer using a gamma probe. Surg Oncol. 1993;2(6):335-9; discussion 340.

110



60. Giuliano AE, Kirgan DM, Guenther JM, Morton DL. Lymphatic mapping and sentinel lymphadenectomy for
breast cancer. Ann Surg. 1994;220(3):391-8; discussion 398-401.

61. Kapteijn BA, Nieweg OE, Petersen JL, et al. Identification and biopsy of the sentinel lymph node in breast cancer.
Eur ] Surg Oncol. 1998;24(5):427-430.

62. Hsueh EC, Turner RR, Glass EC, Brenner RJ, Brennan MB, Giuliano AE. Sentinel node biopsy in breast cancer. |
Am Coll Surg. 1999;189(2):207-213.

63. Veronesi U, Paganelli G, Viale G, et al. Sentinel-lymph-node biopsy as a staging procedure in breast cancer: Update
of a randomised controlled study. Lancet Oncol. 2006;7(12):983-990.

64. Krag DN, Anderson SJ, Julian TB, et al. Technical outcomes of sentinel-lymph-node resection and conventional
axillary-lymph-node dissection in patients with clinically node-negative breast cancer: Results from the NSABP B-32
randomised phase 111 trial. Lancet Oncol. 2007;8(10):881-888.

65. Galimberti V, Cole BF, Zurrida S, et al. Axillary dissection versus no axillary dissection in patients with sentinel-
node micrometastases (IBCSG 23-01): A phase 3 randomised controlled trial. Lancet Oncol. 2013;14(4):297-305.

66. Krag DN, Anderson SJ, Julian TB, et al. Sentinel-lymph-node resection compared with conventional axillary-lymph-
node dissection in clinically node-negative patients with breast cancer: Overall survival findings from the NSABP B-32
randomised phase 3 trial. Lancet Oncol. 2010;11(10):927-933.

67. Weaver DL, Ashikaga T, Krag DN, et al. Effect of occult metastases on survival in node-negative breast cancer. N
Engl ] Med. 2011;364(5):412-421.

68. Donker M, van Tienhoven G, Straver ME, et al. Radiotherapy or surgery of the axilla after a positive sentinel node
in breast cancer (EORTC 10981-22023 AMAROS): A randomised, multicentre, open-label, phase 3 non-inferiority trial.
Lancet Oncol. 2014;15(12):1303-1310.

69. van Nijnatten TJ, Schipper R]J, Lobbes MB, Nelemans PJ, Beets-Tan RG, Smidt ML. The diagnostic performance
of sentinel lymph node biopsy in pathologically confirmed node positive breast cancer patients after neoadjuvant
systemic therapy: A systematic review and meta-analysis. Eur ] Surg Oncol. 2015;41(10):1278-1287.

70. Lyman GH, Temin S, Edge SB, et al. Sentinel lymph node biopsy for patients with early-stage breast cancer:
American society of clinical oncology clinical practice guideline update. | Clin Oncol. 2014;32(13):1365-1383.

71. WHO dlassification of tumonrs of the breast . 4th ed. Lyon, France: International Agency for Research on Cancer; 2012.
Lakhani SR, Ellis IO, Schnitt SJ, Tan PH and van de Vijver MJ, eds.

72. Elston CW, Ellis 10. Pathological prognostic factors in breast cancer. L. the value of histological grade in breast
cancer: Experience from a large study with long-term follow-up. Histopathology. 1991;19(5):403-410.

73. Hammond ME, Hayes DF, Wolff AC, Mangu PB, Temin S. American Society of Clinical Oncology/College of
American Pathologists Guideline recommendations for immunohistochemical testing of estrogen and progesterone
receptors in breast cancer. | Oncol Pract. 2010;6(4):195-197.

74. Wolff AC, Hammond ME, Hicks DG, et al. Recommendations for human epidermal growth factor receptor 2
testing in breast cancer: Ametican Society of Clinical Oncology/College of American Pathologists clinical practice

guideline update. | Clin Oncol. 2013;31(31):3997-4013.

75. Vielh P, Chevillard S, Mosseri V, Donatini B, Magdelenat H. Ki67 index and S-phase fraction in human breast
carcinomas. comparison and correlations with prognostic factors. Awm | Clin Pathol. 1990;94(6):681-686.

76. van Diest PJ, van der Wall E, Baak JP. Prognostic value of proliferation in invasive breast cancer: A review. | Clin
Pathol. 2004;57(7):675-681.

77. Perou CM, Sotlie T, Eisen MB, et al. Molecular portraits of human breast tumours. Nazure. 2000;406(6797):747-752.

78. Wirapati P, Sotiriou C, Kunkel S, et al. Meta-analysis of gene expression profiles in breast cancer: Toward a unified
understanding of breast cancer subtyping and prognosis signatures. Breast Cancer Res. 2008;10(4):R65.

111



79. Tamimi RM, Colditz GA, Hazra A, et al. Traditional breast cancer risk factors in relation to molecular subtypes of
breast cancer. Breast Cancer Res Treat. 2012;131(1):159-167.

80. Dellapasqua S, Bagnardi V, Regan MM, et al. A risk score based on histopathological features predicts higher risk of
distant recurrence in premenopausal patients with lymph node-negative endocrine-responsive breast cancer. Breast.
2012;21(5):621-628.

81. Adjuvant online. www.adjuvantonline.com. Updated 2015.

82. Goldhirsch A, Winer EP, Coates AS, et al. Personalizing the treatment of women with early breast cancer:
Highlights of the St Gallen international expert consensus on the primary therapy of early breast cancer 2013. Ann
Oncol. 2013;24(9):2206-2223.

83. Edge S, Byrd D, Fritz A, Greene F, Trotti A, eds. AJCC cancer staging manual. Tth ed. Springer, 2010.

84. Love RR, Philips J. Oophotectomy for breast cancer: History revisited. ] Na#/ Cancer Inst. 2002;94(19):1433-1434.

85. Beatson C. On treatment of inoperable cases of carcinoma of the mamma: Suggestions for a new method of
treatment with illustrative cases. Lancet. 1896(2):162-5.

86. Boyd S. On oophorectomy in the treatment of cancer. BMJ 1897;2:890—6. BM]. 1897;2:890-6.
87. Boyd S. On oophorectomy in cancer of the breast. BM] 1900;2:1161-7. BM]. 1900;2:1161-7.

88. Bland KI, O'Leary JP, Woodward ER, Dragstedt LR. Immediate oophorectomy and adrenalectomy in the treatment
of stage I1I breast carcinoma. A ten year follow-up study. Am | Surg. 1975;129(3):277-285.

89. Systemic treatment of early breast cancer by hormonal, cytotoxic, or immune therapy. 133 randomised trials
involving 31,000 recurrences and 24,000 deaths among 75,000 women. Early Breast Cancer Trialists' Collaborative
Group. Lancet. 1992;339(8784):1-15.

90. Jungblut PW, Hughes S, Hughes A, Wagner RK. Evaluation of various methods for the assay of cytoplasmic
oestrogen receptors in extracts of calf uteri and human breast cancers. Acta Endocrinol (Copenb). 1972;70(1):185-195.

91. Lemon HM. Abnormal estrogen metabolism and tissue estrogen receptor proteins in breast cancer. Cancer.
1970;25(2):423-435.

92. Walker RA, Cove DH, Howell A. Histological detection of oestrogen receptor in human breast carcinomas. Lancet.
1980;1(8161):171-173.

93. Cole MP, Jones CT, Todd ID. A new anti-oestrogenic agent in late breast cancer. An early clinical appraisal of
1C146474. Br] Cancer. 1971;25(2):270-275.

94. Ward HW. Anti-oestrogen therapy for breast cancer: A trial of tamoxifen at two dose levels. Br Med ].
1973;1(5844):13-14.

95. Stoll BA. Endocrine adjuvant therapy in breast cancer. Br Med J. 1976;2(6043):1075.

96. Palshof T, Mouridsen HT, Dachnfeldt JL. Adjuvant endocrine therapy of breast cancer-a controlled clinical trial of
oestrogen and anti-oestrogen: Preliminary results of the Copenhagen breast cancer trials. Recent Results Cancer Res.
1980;71:185-189.

97. Hubay CA, Pearson OH, Marshall JS, et al. Adjuvant chemotherapy, antiestrogen therapy and immunotherapy for
stage 11 breast cancer: 45-month follow-up of a prospective, randomized clinical trial. Cancer. 1980;46(12 Suppl):2805-
2808.

98. Tamoxifen for eatly breast cancer: An overview of the randomised trials. Early Breast Cancer Trialists' Collaborative
Group. Lancet. 1998;351(9114):1451-1467.

99. Holli K, Finnish Breast Cancer Group. Tamoxifen versus toremifene in the adjuvant treatment of breast cancer. Eur
J Cancer. 2002;38 Suppl 6:S37-8.

112



100. Mustonen MV, Pyrhonen S, Kellokumpu-Lehtinen PL. Toremifene in the treatment of breast cancer. World | Clin
Oncol. 2014;5(3):393-405.

101. Ingle JN, Green SJ, Ahmann DL, et al. Progress report on two clinical trials in women with advanced breast
cancer. trial I: Tamoxifen versus tamoxifen plus aminoglutethimide. trial II: Aminoglutethimide in patients with prior
tamoxifen exposure. Cancer Res. 1982;42(8 Suppl):3461s-3467s.

102. Lipton A, Harvey HA, Santen RJ, et al. Randomized trial of aminoglutethimide versus tamoxifen in metastatic
breast cancer. Cancer Res. 1982;42(8 Suppl):3434s-34306s.

103. Canney PA, Priestman TJ, Griffiths T, Latief TN, Mould JJ, Spooner D. Randomized trial comparing
aminoglutethimide with high-dose medroxyprogesterone acetate in therapy for advanced breast carcinoma. | Na#/ Cancer
Inst. 1988;80(14):1147-1151.

104. Evans TR, Di Salle E, Ornati G, et al. Phase I and endoctine study of exemestane (FCE 24304), a new aromatase
inhibitor, in postmenopausal women. Cancer Res. 1992;52(21):5933-5939.

105. Dowsett M, Jones A, Johnston SR, Jacobs S, Trunet P, Smith IE. In vivo measurement of aromatase inhibition by
letrozole (CGS 20267) in postmenopausal patients with breast cancer. Clin Cancer Res. 1995;1(12):1511-1515.

106. Buzdar A, Jonat W, Howell A, et al. Anastrozole, a potent and selective aromatase inhibitor, versus megestrol
acetate in postmenopausal women with advanced breast cancer: Results of overview analysis of two phase 111 trials.
Arimidex study group. | Clin Oncol. 1996;14(7):2000-2011.

107. Arimidex, Tamoxifen, Alone or in Combination (ATAC) Trialists' Group, Forbes JF, Cuzick |, et al. Effect of
anastrozole and tamoxifen as adjuvant treatment for early-stage breast cancer: 100-month analysis of the ATAC trial.
Lancet Oncol. 2008;9(1):45-53.

108. Breast International Group (BIG) 1-98 Collaborative Group, Thurlimann B, Keshaviah A, et al. A comparison of
letrozole and tamoxifen in postmenopausal women with eatly breast cancer. N Eng/ | Med. 2005;353(26):2747-2757.

109. van de Velde CJ, Rea D, Seynaeve C, et al. Adjuvant tamoxifen and exemestane in eatly breast cancer (TEAM): A
randomised phase 3 trial. Lancer. 2011;377(9762):321-331.

110. Giobbie-Hurder A, Price KN, Gelber RD, International Breast Cancer Study Group, BIG 1-98 Collaborative
Group. Design, conduct, and analyses of breast international group (BIG) 1-98: A randomized, double-blind, phase-I11
study comparing letrozole and tamoxifen as adjuvant endocrine therapy for postmenopausal women with receptor-
positive, early breast cancer. Clin Trials. 2009;6(3):272-287.

111. Goss PE, Ingle N, Pritchard KI, et al. Exemestane versus anastrozole in postmenopausal women with early breast
cancer: NCIC CTG MA.27--a randomized controlled phase III trial. ] Clin Oncol. 2013;31(11):1398-1404.

112. Early Breast Cancer Trialists' Collaborative Group (EBCTCG), Dowsett M, Forbes JF, et al. Aromatase inhibitors
versus tamoxifen in early breast cancer: Patient-level meta-analysis of the randomised trials. Lancet.

2015;386(10001):1341-1352.

113. Regan MM, Pagani O, Fleming GF, et al. Adjuvant treatment of premenopausal women with endoctine-responsive
early breast cancer: Design of the TEXT and SOFT trials. Breast. 2013;22(6):1094-1100.

114. Pagani O, Regan MM, Walley BA, et al. Adjuvant exemestane with ovatian suppression in premenopausal breast
cancet. N Engl/ ] Med. 2014;371(2):107-118.

115. Senkus E, Kyriakides S, Ohno S, et al. Primary breast cancer: ESMO clinical practice guidelines for diagnosis,
treatment and follow-up. Ann Oncol. 2015;26 Suppl 5:v8-30.

116. NCCN guidelines version 3.2015. http://www.ncen.org/professionals/physician_gls/pdf/breast.pdf. Updated
2015.

117. Gnant M, Thomssen C, Harbeck N. St. Gallen/Vienna 2015: A btief summary of the consensus discussion. Breast
Care (Basel). 2015;10(2):124-130.

113



118. Canellos GP, Pocock S, Taylor SG,3rd, Sears ME, Klaasen DJ, Band PR. Combination chemotherapy for
metastatic breast carcinoma. prospective comparison of multiple drug therapy with L-phenylalanine mustard. Cancer.
1976;38(5):1882-1886.

119. Mansour EG, Gray R, Shatila AH, et al. Efficacy of adjuvant chemotherapy in high-risk node-negative breast
cancer. An intergroup study. N Eng/ | Med. 1989;320(8):485-490.

120. Taylor SG,4th, Knuiman MW, Sleeper LA, et al. Six-year results of the Eastern Cooperative Oncology Group trial
of observation versus CMFP versus CMFPT in postmenopausal patients with node-positive breast cancer. | Clin Oncol.
1989;7(7):879-889.

121. Coombes RC, Bliss JM, Wils ], et al. Adjuvant cyclophosphamide, methotrexate, and fluorouracil versus
fluorouracil, epirubicin, and cyclophosphamide chemotherapy in premenopausal women with axillary node-positive
operable breast cancer: Results of a randomized trial. The International Collaborative Cancer Group. | Clin Oncol.
1996;14(1):35-45.

122. Levine MN, Bramwell VH, Pritchard KI, et al. Randomized trial of intensive cyclophosphamide, epirubicin, and
fluorouracil chemotherapy compared with cyclophosphamide, methotrexate, and fluorouracil in premenopausal women
with node-positive breast cancer. National Cancer Institute of Canada Clinical Trials Group. | Clin Oncol.
1998;16(8):2651-2658.

123. Eatly Breast Cancer Trialists' Collaborative Group (EBCTCG), Peto R, Davies C, et al. Comparisons between
different polychemotherapy regimens for early breast cancer: Meta-analyses of long-term outcome among 100,000

women in 123 randomised trials. Lancet. 2012;379(9814):432-444.

124. Martin M, Pienkowski T, Mackey J, et al. Adjuvant docetaxel for node-positive breast cancer. N Eng/ ] Med.
2005;352(22):2302-2313.

125. Mackey JR, Martin M, Pienkowski T, et al. Adjuvant docetaxel, doxorubicin, and cyclophosphamide in node-
positive breast cancer: 10-year follow-up of the phase 3 randomised BCIRG 001 trial. Lancet Oncol. 2013;14(1):72-80.

126. Gandhi S, Fletcher GG, Eisen A, et al. Adjuvant chemotherapy for early female breast cancer: A systematic review
of the evidence for the 2014 Cancer Care Ontario systemic therapy guideline. Curr Oncol. 2015;22(Suppl 1):582-94.

127. Turner N, Biganzoli L, Di Leo A. Continued value of adjuvant anthracyclines as treatment for early breast cancer.
Lancet Oncol. 2015;16(7):€362-9.

128. Paik S, Tang G, Shak S, et al. Gene expression and benefit of chemotherapy in women with node-negative,
estrogen receptor-positive breast cancer. | Clin Oncol. 2006;24(23):3726-3734.

129. Allred DC, Clark GM, Tandon AK, et al. HER-2/neu in node-negative breast cancer: Prognostic significance of
overexpression influenced by the presence of in situ carcinoma. | Clin Oncol. 1992;10(4):599-605.

130. Tetu B, Brisson J. Prognostic significance of HER-2/neu oncoprotein exptession in node-positive breast cancer.
The influence of the pattern of immunostaining and adjuvant therapy. Cancer. 1994;73(9):2359-2365.

131. Borg A, Baldetorp B, Ferno M, et al. ERBB2 amplification is associated with tamoxifen resistance in steroid-
receptor positive breast cancer. Cancer Lett. 1994;81(2):137-144.

132. Baselga |, Tripathy D, Mendelsohn J, et al. Phase II study of weekly intravenous trastuzumab (Herceptin) in
patients with HER2/neu-overexpressing metastatic breast cancer. Semin Oncol. 1999;26(4 Suppl 12):78-83.

133. Pegram MD, Slamon D]J. Combination therapy with trastuzumab (Herceptin) and cisplatin for chemoresistant
metastatic breast cancer: Evidence for receptor-enhanced chemosensitivity. Sewin Oncol. 1999;26(4 Suppl 12):89-95.

134. Piccart-Gebhart MJ, Procter M, Leyland-Jones B, et al. Trastuzumab after adjuvant chemotherapy in HER2-
positive breast cancer. N Eng/ | Med. 2005;353(16):1659-1672.

135. Joensuu H, Kellokumpu-Lehtinen PL, Bono P, et al. Adjuvant docetaxel or vinorelbine with or without
trastuzumab for breast cancer. N Eng/ ] Med. 2006;354(8):809-820.

136. Goldhirsch A, Gelber RD, Piccart-Gebhart MJ, et al. 2 years versus 1 year of adjuvant trastuzumab for HER2-
positive breast cancer (HERA): An open-label, randomised controlled trial. Lancer. 2013;382(9897):1021-1028.

114



137. Joensuu H, Bono P, Kataja V, et al. Fluorouracil, epirubicin, and cyclophosphamide with either docetaxel or
vinorelbine, with or without trastuzumab, as adjuvant treatments of breast cancer: Final results of the FinHer trial. |
Clin Oncol. 2009;27(34):5685-5692.

138. Gianni L, Pienkowski T, Im YH, et al. Efficacy and safety of neoadjuvant pertuzumab and trastuzumab in women
with locally advanced, inflammatory, or early HER2-positive breast cancer (NeoSphere): A randomised multicentre,
open-label, phase 2 trial. Lancet Oncol. 2012;13(1):25-32.

139. Gianni L, Pienkowski T, Im Y, et al. Five-year analysis of the phase II NeoSphere trial evaluating four cycles of
neoadjuvant docetaxel (D) and/or trastuzumab (T) and/or pertuzumab (P). J Clin Oncol. 2015;33(Supplement):abstract
505.

140. Cortazar P, Zhang L, Untch M, et al. Pathological complete response and long-term clinical benefit in breast
cancer: The CTNeoBC pooled analysis. Lancer. 2014;384(9938):164-172.

141. Rack B, Schindlbeck C, Juckstock J, et al. Circulating tumor cells predict survival in early average-to-high risk
breast cancer patients. | Na#/ Cancer Inst. 2014;106(5):10.1093 /jnci/dju066.

142. Weidle UH, Birzele F, Kollmorgen G, Ruger R. Molecular mechanisms of bone metastasis. Cancer Genomics
Proteomics. 2016;13(1):1-12.

143. Rucci N, Sanita P, Delle Monache S, Alesse E, Angelucci A. Molecular pathogenesis of bone metastases in breast
cancer: Proven and emerging therapeutic targets. World | Clin Oncol. 2014;5(3):335-347.

144. Singh T, Kaur V, Kumar M, Kaur P, Murthy RS, Rawal RK. The critical role of bisphosphonates to target bone
cancer metastasis: An overview. | Drug Target. 2015;23(1):1-15.

145. Eatly Breast Cancer Trialists' Collaborative Group (EBCTCG), Coleman R, Powles T, et al. Adjuvant
bisphosphonate treatment in early breast cancer: Meta-analyses of individual patient data from randomised trials. Lancer.

2015;386(10001):1353-1361.

146. Gnant M, Pfeiler G, Dubsky PC, et al. Adjuvant denosumab in breast cancer (ABCSG-18): A multicentre,
randomised, double-blind, placebo-controlled trial. Lancer. 2015;386(9992):433-443.

147. Adair FE, Stewart FW. The value of preoperative irradiation in breast cancer: Studies on eighty-one operable cases.
Ann Surg. 1935;102(2):254-260.

148. Brodeur P. Radiotherapy of cancer of the breast. Can Med Assoc ]. 1938;38(5):467-469.
149. Wang TJ. The betatron. Cancer Res. 1946;6:483.
150. Quastler H. The use of the betatron in cancer therapy. Cancer Res. 1946;6:483.

151. Morrison R, Newbery GR, Deeley T]. Preliminary report on the clinical use of the Medical research council 8 MeV
linear accelerator. Br ] Radiol. 1956;29(340):177-186.

152. Bruce J. Operable cancer of the breast. A controlled clinical trial. Cancer. 1971;28(6):1443-1452.

153. Host H, Brennhovd 10. The effect of post-operative radiotherapy in breast cancer. In# | Radiat Oncol Biol Phys.
1977;2(11-12):1061-1067.

154. Lin PH, Yeh MH, Liu LC, et al. Clinical and pathologic risk factors of tumor recurrence in patients with node-
negative early breast cancer after mastectomy. | Surg Oncol. 2013;108(6):352-357.

155. Blichert-Toft M. Breast conserving therapy for mammary carcinoma. an experimental procedure or a genuine
alternative to mastectomy. Acta Chir Scand Suppl. 1984;519:35-41.

156. Mustakallio S. Treatment of breast cancer by tumour extirpation and roentgen therapy instead of radical operation.
J Fac Radiol. 1954;6(1):23-26.

157. Blichert-Toft M, Rose C, Andersen JA, et al. Danish randomized trial comparing breast conservation therapy with

mastectomy: Six years of life-table analysis. Danish Breast Cancer Cooperative Group. | Nat/ Cancer Inst Monogr.
1992;(11)(11):19-25.

115



158. Arndt V, Stegmaier C, Ziegler H, Brenner H. Quality of life over 5 years in women with breast cancer after breast-
conserving therapy versus mastectomy: A population-based study. | Cancer Res Clin Oncol. 2008;134(12):1311-1318.

159. Bartelink H, van Dam F, van Dongen J. Psychological effects of breast conserving therapy in comparison with
radical mastectomy. In/ | Radiat Oncol Biol Phys. 1985;11(2):381-385.

160. Smith BD, Arthur DW, Buchholz TA, et al. Accelerated partial breast irradiation consensus statement from the
American Society for Radiation Oncology (ASTRO). Int | Radiat Oncol Biol Phys. 2009;74(4):987-1001.

161. Polgar C, Van Limbergen E, Potter R, et al. Patient selection for accelerated partial-breast irradiation (APBI) after
breast-conserving surgery: Recommendations of the Groupe Europeen de Curietherapie-European Society for
Therapeutic Radiology and Oncology (GEC-ESTRO) breast cancer working group based on clinical evidence (2009).
Radiother Oncol. 2010;94(3):264-273.

162. Trifiletti DM, Romano KD, Showalter SL, Reardon KA, Libby B, Showalter TN. Accelerated partial breast
irradiation with brachytherapy: Patient selection and technique considerations. Breast Cancer (Dove Med Press). 2015;7:211-
221.

163. Lehman M, Hickey BE, Francis DP, See AM. Partial breast irradiation for eatly breast cancet. Cochrane Database Syst
Rev. 2014;6:CD007077.

164. Kokko R, Hakama M, Holli K. Follow-up cost of breast cancer patients with localized disease after primary
treatment: A randomized trial. Breast Cancer Res Treat. 2005;93(3):255-260.

165. Oltra A, Santaballa A, Munarriz B, Pastor M, Montalar J. Cost-benefit analysis of a follow-up program in patients
with breast cancer: A randomized prospective study. Breast J. 2007;13(6):571-574.

166. Kimman ML, Dirksen CD, Voogd AC, et al. Economic evaluation of four follow-up strategies after curative
treatment for breast cancer: Results of an RCT. Eur ] Cancer. 2011;47(8):1175-1185.

167. Robertson C, Arcot Ragupathy SK, Boachie C, et al. The clinical effectiveness and cost-effectiveness of different
surveillance mammography regimens after the treatment for primary breast cancer: Systematic reviews registry database
analyses and economic evaluation. Health Technol Assess. 2011;15(34):v-vi, 1-322.

168. Moy L, Newell MS, Mahoney MC, et al. ACR appropriateness criteria stage 1 breast cancer: Initial workup and
surveillance for local recurrence and distant metastases in asymptomatic women. | A Coll Radiol. 2014;11(12 Pt
A):1160-1168.

169. Rintasyovin valtakunnallinen diagnostiikka-ja hoitosuositus 2013. http://rintasyoparyhma-yhdistysavain-fi-
bin.directo.fi/@Bin/929aa84a9dfe08259a3cca67al6f35¢cc/ 1447325435 /application/pdf/ 171266/ www.terveysportti.fi-
rintasyovanvaltakunnallinendiagnostiikka-jahoitosuositus2013.pdf. Updated 2013.

170. Park S, Koo JS, Kim MS, et al. Characteristics and outcomes according to molecular subtypes of breast cancer as
classified by a panel of four biomarkers using immunohistochemistry. Breasz. 2012;21(1):50-57.

171. Holmes MD, Chen WY, Feskanich D, Kroenke CH, Colditz GA. Physical activity and survival after breast cancer
diagnosis. JAMA. 2005;293(20):2479-2486.

172. Lahart IM, Metsios GS, Nevill AM, Carmichael AR. Physical activity, risk of death and recurrence in breast cancer
survivors: A systematic review and meta-analysis of epidemiological studies. Atz Oncol. 2015;54(5):635-654.

173. Protani M, Coory M, Martin JH. Effect of obesity on survival of women with breast cancer: Systematic review and
meta-analysis. Breast Cancer Res Treat. 2010;123(3):627-635.

174. Azzam EI, Jay-Gerin JP, Pain D. lonizing radiation-induced metabolic oxidative stress and prolonged cell injury.
Cancer Lett. 2012;327(1-2):48-60.

175. Gray LH, Conger AD, Ebert M, Hornsey S, Scott OC. The concentration of oxygen dissolved in tissues at the
time of irradiation as a factor in radiotherapy. Br ] Radiol. 1953;26(312):638-648.

176. Suit H, Howard TC. Normal tissue damage and tumor cure probability for irradiation given under different
conditions of tissue oxygenation in hybrid mice. Radiology. 1967;89(4):720-726.

116



177. Petkau A. Role of superoxide dismutase in modification of radiation injury. Br | Cancer Suppl. 1987;8:87-95.

178. Azzam EI, de Toledo SM, Little ]B. Oxidative metabolism, gap junctions and the ionizing radiation-induced
bystander effect. Oncogene. 2003;22(45):7050-7057.

179. Barker HE, Paget JT, Khan AA, Harrington KJ. The tumour microenvironment after radiotherapy: Mechanisms of
resistance and recurrence. Naz Rev Cancer. 2015;15(7):409-425.

180. Hershman DL, Wang X, McBride R, Jacobson JS, Grann VR, Neugut AL Delay in initiating adjuvant radiotherapy
following breast conservation surgery and its impact on survival. Int | Radiat Oncol Biol Phys. 2006;65(5):1353-1360.

181. Huang J, Barbera L, Brouwers M, Browman G, Mackillop WJ. Does delay in starting treatment affect the
outcomes of radiotherapy? A systematic review. | Clin Oncol. 2003;21(3):555-563.

182. Martelli G, Boracchi P, Guzzetti E, et al. Omission of radiotherapy in elderly patients with early breast cancer: 15-
year results of a prospective non-randomised trial. Eur | Cancer. 2015;51(11):1358-1364.

183. Chen AM, Obedian E, Haffty BG. Breast-conserving therapy in the setting of collagen vascular disease. Cancer J.
2001;7(6):480-491.

184. Phan C, Mindrum M, Silverman C, Paris K, Spanos W. Matched-control retrospective study of the acute and late
complications in patients with collagen vascular diseases treated with radiation therapy. Cancer J. 2003;9(6):461-466.

185. Hurkmans CW, Knegjens JL, Oei BS, et al. Management of radiation oncology patients with a pacemaker or ICD:
A new comprehensive practical guideline in the netherlands. dutch society of radiotherapy and oncology (NVRO).
Radiat Oncol. 2012;7:198-717X-7-198.

186. Dobbs HJ, Parker RP, Hodson NJ, Hobday P, Husband JE. The use of CT in radiotherapy treatment planning.
Radiother Oncol. 1983;1(2):133-141.

187. Ash DV, Andrews B, Stubbs B. A method for integrating computed tomography into radiotherapy planning and
treatment. Clin Radiol. 1983;34(1):99-101.

188. Probst H, Bragg C, Dodwell D, Green D, Hart J. A systematic review of methods to immobilise breast tissue
during adjuvant breast irradiation. Radiography. 2014;20(1):70-81.

189. Toroi P, Kaijaluoto S, Bly R. Patient exposure levels in radiotherapy ct simulations in finland. Radiat Prot Dosimetry.
2014.

190. Burnet NG, Thomas SJ, Burton KE, Jefferies SJ. Defining the tumour and target volumes for radiotherapy. Cancer
Imaging. 2004;4(2):153-161.

191. Nielsen MH, Berg M, Pedersen AN, et al. Delineation of target volumes and organs at risk in adjuvant
radiotherapy of early breast cancer: National guidelines and contouring atlas by the Danish Breast Cancer Cooperative
Group. Acta Oncol. 2013;52(4):703-710.

192. Offersen BV, Boersma L], Kirkove C, et al. ESTRO consensus guideline on target volume delineation for elective
radiation therapy of early stage breast cancer. Radiother Oncol. 2015;114(1):3-10.

193. Gentile MS, Usman AA, Neuschler EI, Sathiaseelan V, Hayes JP, Small W Jr. Contouring guidelines for the axillary
lymph nodes for the delivery of radiation therapy in breast cancer: Evaluation of the RTOG breast cancer atlas. [n/ |

Radiat Oncol Biol Phys. 2015;93(2):257-265.

194. Verhoeven K, Weltens C, Remouchamps V, et al. Vessel based delineation guidelines for the elective lymph node
regions in breast cancer radiation therapy - PROCAB guidelines. Radiother Oncol. 2015;114(1):11-16.

195. Patani N, Mokbel K. Clinical significance of sentinel lymph node isolated tumour cells in breast cancer. Breast
Cancer Res Treat. 2011;127(2):325-334.

196. Karam I, Lesperance MF, Berrang T, Speers C, Tyldesley S, Truong PT. pNO(i+) breast cancer: Treatment
patterns, locoregional recurrence, and survival outcomes. Int | Radiat Oncol Biol Phys. 2013;87(4):731-737.

117



197. Keruakous AR, Sadek BT, Shenouda MN, et al. The impact of isolated tumor cells on loco-regional recurrence in
breast cancer patients treated with breast-conserving treatment or mastectomy without post-mastectomy radiation
therapy. Breast Cancer Res Treat. 2014;146(2):365-370.

198. Houvenaeghel G, Classe JM, Garbay JR, et al. Prognostic value of isolated tumor cells and micrometastases of
lymph nodes in early-stage breast cancer: A French sentinel node multicenter cohort study. Breast. 2014;23(5):561-566.

199. Schrenk P, Konstantiniuk P, Wolfl S, et al. Prediction of non-sentinel lymph node status in breast cancer with a
micrometastatic sentinel node. Br ] Surg. 2005;92(6):707-713.

200. Reed J, Rosman M, Verbanac KM, Mannie A, Cheng Z, Tafra L. Prognostic implications of isolated tumor cells
and micrometastases in sentinel nodes of patients with invasive breast cancer: 10-year analysis of patients enrolled in
the prospective East Carolina University/ Anne Arundel Medical Center sentinel node multicenter study. ] Am Coll Surg.
2009;208(3):333-340.

201. Whelan TJ, Olivotto IA, Parulekar WR, et al. Regional nodal irradiation in early-stage breast cancer. N Eng/ | Med.
2015;373(4):307-316.

202. Huang O, Wang L, Shen K| et al. Breast cancer subpopulation with high risk of internal mammary lymph nodes
metastasis: Analysis of 2,269 Chinese breast cancer patients treated with extended radical mastectomy. Breast Cancer Res
Treat. 2008;107(3):379-387.

203. Poortmans PM, Collette S, Kirkove C, et al. Internal mammary and medial supraclavicular irradiation in breast
cancet. N Eng/ ] Med. 2015;373(4):317-327.

204. Thorsen L, Berg M, Brodersen H, et al. Improved survival with internal mammary node irradiation: A prospective
study on 3,072 breast cancer patients. Radiother Oncol. 2014;111(Supplement 1):S57.

205. Yang DS, Yoon WS, Chung SY, et al. Set-up uncertainty during breast radiotherapy. image-guided radiotherapy for
patients with initial extensive variation. Strablenther Onkol. 2013;189(4):315-320.

206. Chopra S, Dinshaw KA, Kamble R, Sarin R. Breast movement during normal and deep breathing, respiratory
training and set up errors: Implications for external beam partial breast irradiation. Br ] Radiol. 2006;79(945):766-773.

207. Laaksomaa M, Kapanen M, Skytti T, Peltola S, Hyédynmaa S, Kellokumpu-Lehtinen PL. Estimation of optimal
matching position for orthogonal kV setup images and minimal setup margins in radiotherapy of whole breast and
lymph node areas. Rep Pract Oncol Radiother. 2014;19(6):369-375.

208. Bartelink H, Maingon P, Poortmans P, et al. Whole-breast irradiation with or without a boost for patients treated
with breast-conserving surgery for early breast cancer: 20-year follow-up of a randomised phase 3 trial. Lancer Oncol.
2015;16(1):47-56.

209. Jones HA, Antonini N, Hart AA, et al. Impact of pathological characteristics on local relapse after breast-
conserving therapy: A subgroup analysis of the EORTC boost versus no boost trial. | Clin Oncol. 2009;27(30):4939-
4947.

210. van Werkhoven E, Hart G, Tinteren H, et al. Nomogram to predict ipsilateral breast relapse based on pathology
review from the EORTC 22881-10882 boost versus no boost trial. Radiother Oneol. 2011;100(1):101-107.

211. Buchholz TA, Somerfield MR, Griggs J], et al. Margins for breast-conserving surgery with whole-breast irradiation
in stage I and II invasive breast cancer: American Society of Clinical Oncology endorsement of the Society of Surgical
Oncology/American Society for Radiation Oncology consensus guideline. | Clin Oncol. 2014;32(14):1502-1506.

212. Moran MS, Schnitt SJ, Giuliano AE, et al. Society of Surgical Oncology-American Society for Radiation Oncology
consensus guideline on margins for breast-conserving surgery with whole-breast irradiation in stages I and 11 invasive
breast cancer. Int | Radiat Oncol Biol Phys. 2014;88(3):553-564.

213. Furet E, Peurien D, Fournier-Bidoz N, et al. Plastic surgery for breast conservation therapy: How to define the
volume of the tumor bed for the boost? Eur ] Surg Oncol. 2014;40(7):830-834.

214. International Commission on Radiation Units and Measurements.
http://www.icru.org/home/reports/prescribing-recording-and-reporting-photon-beam-therapy-report-50. Updated
2016.

118



215. Baycan D, Karacetin D, Balkanay AY, Barut Y. Field-in-field IMRT versus 3D-CRT of the breast. Cardiac vessels,
ipsilateral lung, and contralateral breast absorbed doses in patients with left-sided lumpectomy: A dosimetric
compatison. Jpn | Radiol. 2012;30(10):819-823.

216. Fogliata A, Bolsi A, Cozzi L. Critical appraisal of treatment techniques based on conventional photon beams,
intensity modulated photon beams and proton beams for therapy of intact breast. Radiother Oncol. 2002;62(2):137-145.

217. Morganti AG, Cilla S, de Gaetano A, et al. Forward planned intensity modulated radiotherapy (IMRT) for whole
breast postoperative radiotherapy. Is it useful? When? | App/ Clin Med Phys. 2011;12(2):3451.

218. Hernandez V, Arenas M, Muller K, Gomez D, Bonet M. An optimized postetior axillary boost technique in
radiation therapy to supraclavicular and axillary lymph nodes: A comparative study. Med Dosim. 2013;38(4):413-417.

219. Houshyari M, Kashi AS, Varaki SS, Rakhsha A, Blookat ER. Regional lymph node radiotherapy in breast cancer:
Single anterior supraclavicular field vs. two anterior and posterior opposed supraclavicular fields. Electron Physician.
2015;7(2):1032-1038.

220. Cavey ML, Bayouth JE, Endres EJ, Pena JM, Colman M, Hatch S. Dosimetric comparison of conventional and
forward-planned intensity-modulated techniques for comprehensive locoregional irradiation of post-mastectomy left
breast cancers. Med Dosim. 2005;30(2):107-116.

221. Opp D, Forster K, Li W, Zhang G, Harris EE. Evaluation of bolus electron conformal therapy compated with
conventional techniques for the treatment of left chest wall postmastectomy in patients with breast cancer. Med Dosinm.
2013;38(4):448-453.

222, Tenhunen M, Nyman H, Strengell S, Vaalavirta L. Linac-based isocentric electron-photon treatment of radically
operated breast carcinoma with enhanced dose uniformity in the field gap area. Radiother Oncol. 2009;93(1):80-86.

223. Wright P, Suilamo S, Lindholm P, Kulmala ]. Isocentric integration of intensity-modulated radiotherapy with
electron fields improves field junction dose uniformity in postmastectomy radiotherapy. Acta Oncol. 2014;53(8):1019-
1026.

224, Zhang F, Wang Y, Xu W, et al. Dosimetric evaluation of different intensity-modulated radiotherapy techniques for
breast cancer after conservative surgery. Techno! Cancer Res Treat. 2015;14(5):515-523.

225. Zhao H, He M, Cheng G, et al. A comparative dosimetric study of left sided breast cancer after breast-conserving
surgery treated with VMAT and IMRT. Radiat Oncol. 2015;10(1):231-015-0531-4.

226. Rajan SS, Sharma SC, Kumar N, et al. Clinical and cosmetic results of breast boost radiotherapy in eartly breast
cancer: A randomized study between electron and photon. | Cancer Res Ther. 2014;10(4):889-895.

227. Fiorentino A, Mazzola R, Ricchetti F, et al. Intensity modulated radiation therapy with simultaneous integrated
boost in eatly breast cancer irradiation. report of feasibility and preliminary toxicity. Cancer Radiother. 2015;19(5):289-
294.

228. Lee HH, Hou MF, Chuang HY, et al. Intensity modulated radiotherapy with simultaneous integrated boost vs.
conventional radiotherapy with sequential boost for breast cancer - A preliminary result. Breast. 2015;24(5):656-660.

229. Kim JH, Chu FC, Hilaris B. The influence of dose fractionation on acute and late reactions in patients with
postoperative radiotherapy for carcinoma of the breast. Cancer. 1975;35(6):1583-1586.

230. Notter G, Turesson 1. Multiple small fractions per day versus conventional fractionation. Comparison of normal
tissue reactions and effect on breast carcinoma. Radiother Oncol. 1984;1(4):299-308.

231. Turesson I, Notter G. The influence of fraction size in radiotherapy on the late normal tissue reaction--11:
Comparison of the effects of daily and twice-a-week fractionation on human skin. In# | Radiat Oncol Biol Phys.
1984;10(5):599-606.

232. Overgaard M, Bentzen SM, Christensen JJ, Madsen EH. The value of the NSD formula in equation of acute and

late radiation complications in normal tissue following 2 and 5 fractions per week in breast cancer patients treated with
postmastectomy irradiation. Radiother Oncol. 1987;9(1):1-11.

119



233. Tutesson I, Thames HD. Repair capacity and kinetics of human skin during fractionated radiotherapy: Erythema,
desquamation, and telangiectasia after 3 and 5 year's follow-up. Radiother Oncol. 1989;15(2):169-188.

234. Cohen L. Radiotherapy in breast cancer. 1. The dose-time relationship theoretical considerations. Br ] Radiol.
1952;25(300):636-642.

235. Fowler JF. The linear-quadratic formula and progress in fractionated radiotherapy. Br ] Radiol. 1989;62(740):679-
694.

236. Fowler JF. 21 years of biologically effective dose. Br ] Radiol. 2010;83(991):554-568.

237. Whelan T, MacKenzie R, Julian J, et al. Randomized trial of breast irradiation schedules after lumpectomy for
women with lymph node-negative breast cancer. | Na#/ Cancer Inst. 2002;94(15):1143-1150.

238. Haviland |S, Owen JR, Dewar JA, et al. The UK standardisation of breast radiotherapy (START) trials of
radiotherapy hypofractionation for treatment of early breast cancer: 10-year follow-up results of two randomised
controlled trials. Lancet Oncol. 2013;14(11):1086-1094.

239. Whelan TJ, Pignol JP, Levine MN, et al. Long-term results of hypofractionated radiation therapy for breast cancer.
N Engl ] Med. 2010;362(6):513-520.

240. Erven K, Florian A, Slagmolen P, et al. Subclinical cardiotoxicity detected by strain rate imaging up to 14 months
after breast radiation therapy. Int | Radiat Oncol Biol Phys. 2013;85(5):1172-1178.

241. Lind PA, Pagnanelli R, Marks LB, et al. Myocardial perfusion changes in patients irradiated for left-sided breast
cancer and correlation with coronary artery distribution. In# | Radiat Oncol Biol Phys. 2003;55(4):914-920.

242, Lymberis SC, deWyngaert JK, Parhar P, et al. Prospective assessment of optimal individual position (prone versus
supine) for breast radiotherapy: Volumetric and dosimetric correlations in 100 patients. In# | Radiat Oncol Biol Phys.
2012;84(4):902-909.

243. Chino JP, Marks LB. Prone positioning causes the heart to be displaced anteriorly within the thorax: Implications
for breast cancer treatment. Inz | Radiat Oncol Biol Phys. 2008;70(3):916-920.

244, Kirby AM, Evans PM, Donovan EM, Convery HM, Haviland |S, Yarnold JR. Prone versus supine positioning for
whole and partial-breast radiotherapy: A comparison of non-target tissue dosimetry. Radiother Oncol. 2010;96(2):178-184.

245. Huppert N, Jozsef G, Dewyngaert K, Formenti SC. The role of a prone setup in breast radiation therapy. Front
Oncol. 2011;1:31.

246. Chen MH, Chuang ML, Bornstein BA, Gelman R, Harris JR, Manning WJ. Impact of respiratory maneuvers on
cardiac volume within left-breast radiation portals. Circulation. 1997;96(10):3269-3272.

247. Remouchamps VM, Vicini FA, Sharpe MB, Kestin LL, Martinez AA, Wong JW. Significant reductions in heart
and lung doses using deep inspiration breath hold with active breathing control and intensity-modulated radiation
therapy for patients treated with locoregional breast irradiation. In# | Radiat Oncol Biol Phys. 2003;55(2):392-406.

248. Sixel KE, Aznar MC, Ung YC. Deep inspiration breath hold to reduce irradiated heart volume in breast cancer
patients. Int | Radiat Oncol Biol Phys. 2001;49(1):199-204.

249. Stranzl H, Zutl B. Postoperative irradiation of left-sided breast cancer patients and cardiac toxicity. Does deep
inspiration breath-hold (DIBH) technique protect the heart? Strablenther Onkol. 2008;184(7):354-358.

250. Korreman SS, Pedersen AN, Aarup LR, Nottrup TJ, Specht L, Nystrom H. Reduction of cardiac and pulmonary
complication probabilities after breathing adapted radiotherapy for breast cancer. Int | Radiat Oncol Biol Phys.
2006;65(5):1375-1380.

251. Borst GR, Sonke JJ, den Hollander S, et al. Clinical results of image-guided deep inspiration breath hold breast
irradiation. Int | Radiat Oncol Biol Phys. 2010;78(5):1345-1351.

252. Bruzzaniti V, Abate A, Pinnaro P, et al. Dosimetric and clinical advantages of deep inspiration breath-hold (DIBH)
during radiotherapy of breast cancer. | Exp Clin Cancer Res. 2013;32:88-9966-32-88.

120



253. Damkjaer SM, Aznar MC, Pedersen AN, Vogelius IR, Bangsgaard JP, Josipovic M. Reduced lung dose and
improved inspiration level reproducibility in visually guided DIBH compared to audio coached EIG radiotherapy for
breast cancer patients. Acta Oncol. 2013;52(7):1458-14063.

254. Hayden AJ, Rains M, Tiver K. Deep inspiration breath hold technique reduces heart dose from radiotherapy for
left-sided breast cancer. | Med Imaging Radiat Oncol. 2012;56(4):464-472.

255. Swanson T, Grills IS, Ye H, et al. Six-year experience routinely using moderate deep inspiration breath-hold for the
reduction of cardiac dose in left-sided breast irradiation for patients with eatly-stage or locally advanced breast cancer.

Am ] Clin Oncol. 2013;36(1):24-30.

256. Bartlett FR, Colgan RM, Carr K, et al. The UK HeartSpare study: Randomised evaluation of voluntary deep-
inspiratory breath-hold in women undergoing breast radiotherapy. Radiother Oncol. 2013;108(2):242-247.

257. Mast ME, van Kempen-Harteveld L, Heijenbrok MW, et al. Left-sided breast cancer radiotherapy with and
without breath-hold: Does IMRT reduce the cardiac dose even further? Radiother Oncol. 2013;108(2):248-253.

258. Jeulink M, Dahele M, Meijnen P, Slotman BJ, Verbakel WF. Is there a preferred IMRT technique for left-breast
irradiation? | App! Clin Med Phys. 2015;16(3):5266.

259. Osman SO, Hol S, Poortmans PM, Essers M. Volumetric modulated arc therapy and breath-hold in image-guided
locoregional left-sided breast irradiation. Radiother Oncol. 2014;112(1):17-22.

260. Jones S, Fitzgerald R, Owen R, Ramsay J. Quantifying intra- and inter-fractional motion in breast radiotherapy. |
Med Radiat Sci. 2015;62(1):40-46.

261. Kron T, Lee C, Perera F, Yu E. Evaluation of intra- and inter-fraction motion in breast radiotherapy using
electronic portal cine imaging. Technol Cancer Res Treat. 2004;3(5):443-449.

262. Betgen A, Alderliesten T, Sonke JJ, van Vliet-Vroegindeweij C, Bartelink H, Remeijer P. Assessment of set-up
variability during deep inspiration breath hold radiotherapy for breast cancer patients by 3D-surface imaging. Radiother

Oncol. 2013;106(2):225-230.

263. Lutz CM, Poulsen PR, Fledelius W, Offersen BV, Thomsen MS. Setup error and motion during deep inspiration
breath-hold breast radiotherapy measured with continuous portal imaging. Acta Oncol. 2015:1-8.

264. Rubin P, Casarett GW. Clinical radiation pathology as applied to curative radiotherapy. Cancer. 1968;22(4):767-778.

265. Emami B, Lyman J, Brown A, et al. Tolerance of normal tissue to therapeutic irradiation. In# | Radiat Oncol Bio/
Phys. 1991;21(1):109-122.

266. Bentzen SM, Constine LS, Deasy JO, et al. Quantitative analyses of normal tissue effects in the clinic
(QUANTEC): An introduction to the scientific issues. In# | Radiat Oncol Biol Phys. 2010;76(3 Suppl):S3-9.

267. Marks LB, Yorke ED, Jackson A, et al. Use of normal tissue complication probability models in the clinic. In# |
Radiat Oncol Biol Phys. 2010;76(3 Suppl):S10-9.

268. Marks LB, Yu X, Vujaskovic Z, Small W Jr, Folz R, Anscher MS. Radiation-induced lung injury. Sewin Radiat Oncol.
2003;13(3):333-345.

269. Semenenko VA, Li XA. Lyman-Kutcher-Burman NTCP model parameters for radiation pneumonitis and
xerostomia based on combined analysis of published clinical data. Phys Med Biol. 2008;53(3):737-755.

270. Marks LB, Bentzen SM, Deasy JO, et al. Radiation dose-volume effects in the lung. In# | Radiat Oncol Biol Phys.
2010;76(3 Suppl):S70-6.

271. Blom Goldman U, Anderson M, Wennberg B, Lind P. Radiation pneumonitis and pulmonary function with lung
dose-volume constraints in breast cancer irradiation. | Radiother Pract. 2014;13(2):211-217.

272. Kahan Z, Csenki M, Varga Z, et al. The risk of early and late lung sequelae after conformal radiotherapy in breast
cancer patients. Int | Radiat Oncol Biol Phys. 2007;68(3):673-681.

121



273. Lind PA, Wennberg B, Gagliardi G, et al. ROC cutves and evaluation of radiation-induced pulmonary toxicity in
breast cancer. Int | Radiat Oncol Biol Phys. 2006;64(3):765-770.

274. Kwa SL, Lebesque JV, Theuws JC, et al. Radiation pneumonitis as a function of mean lung dose: An analysis of
pooled data of 540 patients. Int | Radiat Oncol Biol Phys. 1998;42(1):1-9.

275. Gokula K, Earnest A, Wong LC. Meta-analysis of incidence of early lung toxicity in 3-dimensional conformal
irradiation of breast carcinomas. Radiat Oncol. 2013;8:268-717X-8-268.

276. Jaen J, Vazquez G, Alonso E, et al. Long-term changes in pulmonary function after incidental lung irradiation for
breast cancer: A prospective study with 7-year follow-up. Int | Radiat Oncol Biol Phys. 2012;84(5):e565-70.

277. Exrven K, Weltens C, Nackaerts K, Fieuws S, Decramer M, Lievens Y. Changes in pulmonary function up to 10
years after locoregional breast irradiation. In | Radiat Oncol Biol Phys. 2012;82(2):701-707.

278. Appelt AL, Vogelius IR, Farr KP, Khalil AA, Bentzen SM. Towards individualized dose constraints: Adjusting the
QUANTEC radiation pneumonitis model for clinical risk factors. Acta Oncol. 2014;53(5):605-612.

279. Vogelius IR, Bentzen SM. A literature-based meta-analysis of clinical risk factors for development of radiation
induced pneumonitis. Acta Oncol. 2012;51(8):975-983.

280. Abratt RP, Morgan GW, Silvestri G, Willcox P. Pulmonary complications of radiation therapy. Clin Chest Med.
2004;25(1):167-177.

281. Dorr W, Bertmann S, Herrmann T. Radiation induced lung reactions in breast cancer therapy. modulating factors
and consequential effects. Strablenther Onkol. 2005;181(9):567-573.

282. Rubin P, Johnston CJ, Williams JP, McDonald S, Finkelstein JN. A perpetual cascade of cytokines postirradiation
leads to pulmonary fibrosis. In# | Radiat Oncol Biol Phys. 1995;33(1):99-109.

283. Harder EM, Park HS, Nath SK, Mancini BR, Decker RH. Angiotensin-converting enzyme inhibitors decrease the
risk of radiation pneumonitis after stereotactic body radiation therapy. Pract Radiat Oncol. 2015;5(6):¢643-9.

284. Kharofa J, Cohen EP, Tomic R, Xiang Q, Gore E. Decreased risk of radiation pneumonitis with incidental
concurrent use of angiotensin-converting enzyme inhibitors and thoracic radiation therapy. In# | Radiat Oncol Biol Phys.
2012;84(1):238-243.

285. Molteni A, Wolfe LF, Ward WF, et al. Effect of an angiotensin 1I receptor blocker and two angiotensin converting
enzyme inhibitors on transforming growth factor-beta (TGF-beta) and alpha-actomyosin (alpha SMA), important

mediators of radiation-induced pneumopathy and lung fibrosis. Curr Pharm Des. 2007;13(13):1307-1316.

286. van der Veen SJ, Ghobadi G, de Boer RA, et al. ACE inhibition attenuates radiation-induced cardiopulmonary
damage. Radiother Oncol. 2015;114(1):96-103.

287. Yarnold J, Brotons MC. Pathogenetic mechanisms in radiation fibrosis. Radiother Oncol. 2010;97(1):149-161.

288. Meng Y, Li T, Zhou GS, et al. The angiotensin-converting enzyme 2/angiotensin (1-7)/mas axis protects against
lung fibroblast migration and lung fibrosis by inhibiting the NOX4-derived ROS-mediated RhoA/rho kinase pathway.
Abntioxid Redox Signal. 2015;22(3):241-258.

289. Hillman GG, Singh-Gupta V, Lonardo F, et al. Radioprotection of lung tissue by soy isoflavones. | Thorac Oncol.
2013;8(11):1356-1364.

290. Pietrofesa R, Turowski |, Tyagi S, et al. Radiation mitigating properties of the lignan component in flaxseed. BMC
Cancer. 2013;13:179-2407-13-179.

291. Shi HS, Gao X, Li D, et al. A systemic administration of liposomal curcumin inhibits radiation pneumonitis and
sensitizes lung carcinoma to radiation. In# | Nanomedicine. 2012;7:2601-2611.

292. Liu Y, Tan D, Tong C, et al. Blueberry anthocyanins ameliorate radiation-induced lung injury through the protein
kinase RN A-activated pathway. Chem Biol Interact. 2015;242:363-71

122



293. Bentzen SM, Skoczylas JZ, Overgaard M, Overgaard J. Radiotherapy-related lung fibrosis enhanced by tamoxifen.
] Natl Cancer Inst. 1996;88(13):918-922.

294. Yavas G, Yavas C, Acar H, Toy H, Yuce D, Ata O. Comparison of the effects of aromatase inhibitors and
tamoxifen on radiation-induced lung toxicity: Results of an experimental study. Support Care Cancer. 2013;21(3):811-817.

295. Swamy ST, Radha CA, Kathirvel M, Arun G, Subramanian S. Feasibility study of deep inspiration breath-hold
based volumetric modulated arc therapy for locally advanced left sided breast cancer patients. Asian Pac | Cancer Prev.
2014;15(20):9033-9038.

296. Schnur B, Love B, Scheckner BL, Green S, Wernicke AG, Montgomery GH. A systematic review of patient-rated
measures of radiodermatitis in breast cancer radiotherapy. Am ] Clin Oncol. 2011;34(5):529-536.

297. Sun LM, Huang EY, Liang JA, Meng FY, Chang GH, Tsao MJ. Evaluation the consistency of location of moist
desquamation and skin high dose area for breast cancer patients receiving adjuvant radiotherapy after breast
conservative surgery. Radiat Oncol. 2013;8:50-717X-8-50.

298. Saibishkumar EP, MacKenzie MA, Severin D, et al. Skin-sparing radiation using intensity-modulated radiotherapy
after conservative surgery in eatly-stage breast cancer: A planning study. In/ | Radiat Oncol Biol Phys. 2008;70(2):485-491.

299. De Langhe S, Mulliez T, Veldeman L, et al. Factors modifying the risk for developing acute skin toxicity after
whole-breast intensity modulated radiotherapy. BMC Cancer. 2014;14:711

300. Osako T, Oguchi M, Kumada M, Nemoto K, Iwase T, Yamashita T. Acute radiation dermatitis and pneumonitis
in Japanese breast cancer patients with whole breast hypofractionated radiotherapy compared to conventional
radiotherapy. Jpn | Clin Oncol. 2008;38(5):334-338.

301. Shiau AC, Chiu MC, Chen TH, et al. Surface and superficial dose dosimetric verification for postmastectomy
radiotherapy. Med Dosim. 2012;37(4):417-424.

302. Kumar S, Juresic E, Barton M, Shafiq ]. Management of skin toxicity during radiation therapy: A review of the
evidence. | Med Imaging Radiat Oncol. 2010;54(3):264-279.

303. Chan RJ, Mann J, Tripcony L, et al. Natural oil-based emulsion containing allantoin versus aqueous cream for
managing radiation-induced skin reactions in patients with cancer: A phase 3, double-blind, randomized, controlled
trial. Int | Radiat Oncol Biol Phys. 2014;90(4):756-764.

304. Freedman GM. Topical agents for radiation dermatitis in breast cancer: 50 shades of red or same old, same old? In#
] Radiat Oncol Biol Phys. 2014;90(4):736-738.

305. Hindley A, Zain Z, Wood L, et al. Mometasone furoate cream reduces acute radiation dermatitis in patients
receiving breast radiation therapy: Results of a randomized trial. In | Radiat Oncol Biol Phys. 2014;90(4):748-755.

306. Hille-Betz U, Vaske B, Bremer M, et al. Late radiation side effects, cosmetic outcomes and pain in breast cancer
> > 5 > p
patients after breast-conserving surgery and three-dimensional conformal radiotherapy : Risk-modifying factors.

Strablenther Onfol. 2016;192(1):8-16

307. Ciammella P, Podgornii A, Galeandro M, et al. Toxicity and cosmetic outcome of hypofractionated whole-breast
radiotherapy: Predictive clinical and dosimetric factors. Radiat Oncol. 2014;9:97

308. Mukesh MB, Harris E, Collette S, et al. Normal tissue complication probability (NTCP) parameters for breast
fibrosis: Pooled results from two randomised trials. Radiother Oncol. 2013;108(2):293-298.

309. Vogelius IR, Bentzen SM, Maraldo MV, Petersen PM, Specht L. Risk factors for radiation-induced
hypothyroidism: A literature-based meta-analysis. Cancer. 2011;117(23):5250-5260.

310. Reinertsen KV, Cvancarova M, Wist E, et al. Thyroid function in women after multimodal treatment for breast
cancer stage II/1II: Comparison with controls from a population sample. In# | Radiat Oncol Biol Phys. 2009;75(3):764-770.

311. Cella L, Liuzzi R, Conson M, D'Avino V, Salvatore M, Pacelli R. Development of multivariate NTCP models for
radiation-induced hypothyroidism: A comparative analysis. Radiat Oncol. 2012;7:224

123



312. Johansen S, Reinertsen KV, Knutstad K, Olsen DR, Fossa SD. Dose distribution in the thyroid gland following
radiation therapy of breast cancer--a retrospective study. Radiat Oncol. 2011;6:68

313. Akin M, Ergen A, Unal A, Bese N. Irradiation doses on thyroid gland during the postoperative irradiation for
breast cancer. | Cancer Res Ther. 2014;10(4):942-944.

314. Delanian S, Lefaix JL, Pradat PF. Radiation-induced neuropathy in cancer survivors. Radiother Oncol.
2012;105(3):273-282.

315. Wu SG, Huang SJ, Zhou ], et al. Dosimetric analysis of the brachial plexus among patients with breast cancer
treated with post-mastectomy radiotherapy to the ipsilateral supraclavicular area: Report of 3 cases of radiation-induced
brachial plexus neuropathy. Radiat Oncol. 2014;9:292

316. Lundstedt D, Gustafsson M, Steineck G, et al. Radiation therapy to the plexus brachialis in breast cancer patients:
Analysis of paresthesia in relation to dose and volume. In# | Radiat Oncol Biol Phys. 2015;92(2):277-283.

317. Johansson S, Svensson H, Larsson LG, Denekamp J. Brachial plexopathy after postoperative radiotherapy of
breast cancer patients--a long-term follow-up. Acta Oncol. 2000;39(3):373-382.

318. Kirkpatrick JP, van der Kogel AJ, Schultheiss TE. Radiation dose-volume effects in the spinal cord. I/ | Radiat
Ouncol Biol Phys. 2010;76(3 Suppl):S42-9.

319. Shilkrut M, Belkacemi Y, Kuten A, Association of Radiotherapy and Oncology of the Mediterranean arEa
(AROME). Secondary malignancies in survivors of breast cancer: How to overcome the risk. Criz Rev Oncol Hematol.
2012;84 Suppl 1:¢86-9.

320. Mery CM, George S, Bertagnolli MM, Raut CP. Secondary sarcomas after radiotherapy for breast cancer: Sustained
risk and poor survival. Cancer. 2009;115(18):4055-4063.

321. Lorigan P, Califano R, Faivre-Finn C, Howell A, Thatcher N. Lung cancer after treatment for breast cancer. Lancet
Oncol. 2010;11(12):1184-1192.

322. Stovall M, Smith SA, Langholz BM, et al. Dose to the contralateral breast from radiotherapy and risk of second
primary breast cancer in the WECARE study. In# | Radiat Oncol Biol Phys. 2008;72(4):1021-1030.

323. Lee B, Lee S, Sung J, Yoon M. Radiotherapy-induced secondary cancer risk for breast cancer: 3D conformal
therapy versus IMRT versus VMAT. | Radiol Prot. 2014;34(2):325-331.

324. Abo-Madyan Y, Aziz MH, Aly MM, et al. Second cancer risk after 3D-CRT, IMRT and VMAT for breast cancer.
Radiother Oncol. 2014;110(3):471-476.

325. Gyenes G, Rutqvist LE, Liedberg A, Fornander T. Long-term cardiac morbidity and mortality in a randomized
trial of pre- and postoperative radiation therapy versus surgery alone in primary breast cancer. Radiother Oncol.
1998;48(2):185-190.

326. Carr ZA, Land CE, Kleinerman RA, et al. Coronary heart disease after radiotherapy for peptic ulcer disease. Inz |
Radiat Oncol Biol Phys. 2005;61(3):842-850.

327. Shimizu Y, Kodama K, Nishi N, et al. Radiation exposure and circulatory disease risk: Hiroshima and Nagasaki
atomic bomb survivor data, 1950-2003. BM]. 2010;340:b5349.

328. McGale P, Darby SC, Hall P, et al. Incidence of heart disease in 35,000 women treated with radiotherapy for breast
cancer in denmark and sweden. Radiother Oncol. 2011;100(2):167-175.

329. Henson KE, McGale P, Taylor C, Darby SC. Radiation-related mortality from heart disease and lung cancer more
than 20 years after radiotherapy for breast cancer. Br ] Cancer. 2013;108(1):179-182.

330. Rutter CE, Chagpar AB, Evans SB. Breast cancer laterality does not influence survival in a large modern cohort:
Implications for radiation-related cardiac mortality. Inz | Radiat Oncol Biol Phys. 2014;90(2):329-334.

331. Paul Wright G, Drinane JJ, Sobel HL, Chung MH. Left-sided breast irradiation does not result in increased long-

term cardiac-related mortality among women treated with breast-conserving surgery. Ann Surg Oncol. 2016
Apr;23(4):1117-22.

124



332. Taylor CW, Wang Z, Macaulay E, Jagsi R, Duane F, Darby SC. Exposure of the heart in breast cancer radiation
therapy: A systematic review of heart doses published during 2003 to 2013. In# ] Radiat Oncol Biol Phys. 2015;93(4):845-
853.

333. Fajardo LF, Stewart JR. Experimental radiation-induced heart disease. 1. Light microscopic studies. An | Pathol.
1970;59(2):299-316.

334. Hopewell JW, Young CM. Changes in the microcirculation of normal tissues after irradiation. Iz | Radiat Oncol Biol
Phys. 1978;4(1-2):53-58.

335. Russell NS, Floot B, van Werkhoven E, et al. Blood and lymphatic microvessel damage in irradiated human skin:
The role of TGF-beta, endoglin and macrophages. Radiother Oncol. 2015;116(3):455-461.

336. Halle M, Gabrielsen A, Paulsson-Berne G, et al. Sustained inflammation due to nuclear factor-kappa B activation
in irradiated human atteties. | Amw Coll Cardiol. 2010;55(12):1227-1236.

337. Liu RM, Desai LP. Reciprocal regulation of TGF-beta and reactive oxygen species: A perverse cycle for fibrosis.
Redox Biol. 2015;6:565-577.

338. Purnomo Y, Piccart Y, Coenen T, Prihadi JS, Lijnen PJ. Oxidative stress and transforming growth factor-betal-
induced cardiac fibrosis. Cardiovasc Hematol Disord Drug Targets. 2013;13(2):165-172.

339. Kma L, Gao F, Fish BL, Moulder JE, Jacobs ER, Medhora M. Angiotensin converting enzyme inhibitors mitigate
collagen synthesis induced by a single dose of radiation to the whole thorax. | Radiat Res. 2012;53(1):10-17.

340. Monceau V, Meziani L, Strup-Perrot C, et al. Enhanced sensitivity to low dose irradiation of ApoE-/- mice
mediated by early pro-inflaimmatory profile and delayed activation of the TGFbetal cascade involved in fibrogenesis.
PLoS One. 2013;8(2):e57052.

341. Pang XF, Zhang LH, Bai F, et al. Attenuation of myocardial fibrosis with curcumin is mediated by modulating
expression of angiotensin II AT1/AT2 receptors and ACE2 in rats. Drug Des Devel Ther. 2015;9:6043-6054.

342. Zhan CY, Tang JH, Zhou DX, Li ZH. Effects of tanshinone IIA on the transforming growth factor betal/smad
signaling pathway in rat cardiac fibroblasts. Indian | Pharmacol. 2014;46(6):633-638.

343. Gong W, Yan M, Chen J, Chaugai S, Chen C, Wang D. Chronic inhibition of cyclic guanosine monophosphate-
specific phosphodiesterase 5 prevented cardiac fibrosis through inhibition of transforming growth factor beta-induced
smad signaling. Front Med. 2014;8(4):445-455.

344. Robbins ME, Diz DI. Pathogenic role of the renin-angiotensin system in modulating radiation-induced late effects.
Int | Radiat Oncol Biol Phys. 2006;64(1):6-12.

345, Salata C, Ferreira-Machado SC, Mencalha AL, et al. Chemotherapy and radiation regimens to breast cancer
treatment induce changes in mRNA levels of renin-angiotensin system related genes in cardiac tissue. | Renin Angiotensin
Aldosterone Syst. 2013;14(4):330-330.

346. Campbell SE, Katwa LC. Angiotensin 11 stimulated expression of transforming growth factor-betal in cardiac
fibroblasts and myofibroblasts. | Mo/ Cell Cardiol. 1997;29(7):1947-1958.

347. Rodriguez-Vita J, Sanchez-Lopez E, Esteban V, Ruperez M, Egido J, Ruiz-Ortega M. Angiotensin II activates the
smad pathway in vascular smooth muscle cells by a transforming growth factor-beta-independent mechanism.

Cireulation. 2005;111(19):2509-2517.

348. van Thiel BS, van der Pluijm I, te Riet L, Essers J, Danser AH. The renin-angiotensin system and its involvement
in vascular disease. Eur ] Pharmacol. 2015;763(Pt A):3-14.

349. Carver KA, Smith TL, Gallagher PE, Tallant EA. Angiotensin-(1-7) prevents angiotensin II-induced fibrosis in
cremaster microvessels. Microcirenlation. 2015;22(1):19-27.

350. McCollum LT, Gallagher PE, Tallant EA. Angiotensin-(1-7) abrogates mitogen-stimulated proliferation of cardiac
fibroblasts. Peptides. 2012;34(2):380-388.

125



351. Friess JL, Heselich A, Ritter S, et al. Electrophysiologic and cellular characteristics of cardiomyocytes after X-ray
irradiation. Mutat Res. 2015;777:1-10.

352. Sag CM, Wolff HA, Neumann K, et al. Ionizing radiation regulates cardiac ca handling via increased ROS and
activated CaMKII. Basic Res Cardiol. 2013;108(6):385.

353. Reichlin T, Hochholzer W, Bassetti S, et al. Early diagnosis of myocardial infarction with sensitive cardiac troponin
assays. N Eng/ | Med. 2009;361(9):858-867.

354. Reichlin T, Cullen L, Parsonage WA, et al. Two-hour algorithm for triage toward rule-out and rule-in of acute
myocardial infarction using high-sensitivity cardiac troponin T. A | Med. 2015;128(4):369-79.¢4.

355. Jungbauer CG, Riedlinger J, Buchner S, et al. High-sensitive troponin T in chronic heart failure correlates with
severity of symptoms, left ventricular dysfunction and prognosis independently from N-terminal pro-b-type natriuretic
peptide. Clin Chem Lab Med. 2011;49(11):1899-1906.

356. Miao DM, Zhang LP, Yu HP, Zhang JY, Xiao WK, Ye P. Serum levels of high-sensitivity troponin T: A novel
marker for left ventricular remodeling and performance in hypertensive subjects. Gener Mol Res. 2014;13(3):5143-5153.

357. Cramer G, Bakker J, Gommans F, et al. Relation of highly sensitive cardiac troponin T in hypertrophic
cardiomyopathy to left ventricular mass and cardiovascular risk. A | Cardiol. 2014;113(7):1240-1245.

358. Cardinale D, Sandri MT, Martinoni A, et al. Myocardial injury revealed by plasma troponin I in breast cancer
treated with high-dose chemotherapy. Ann Oncol. 2002;13(5):710-715.

359. Hughes-Davies L, Sacks D, Rescigno J, Howard S, Hartis |. Serum cardiac troponin T levels during treatment of
early-stage breast cancer. | Clin Oncol. 1995;13(10):2582-2584.

360. Blaes AH, Rehman A, Vock DM, et al. Utility of high-sensitivity cardiac troponin T in patients receiving
anthracycline chemotherapy. Vase Health Risk Manag. 2015;11:591-594.

361. Katsurada K, Ichida M, Sakuragi M, Takehara M, Hozumi Y, Kario K. High-sensitivity troponin T as a marker to
predict cardiotoxicity in breast cancer patients with adjuvant trastuzumab therapy. Springerplus. 2014;3:620

362. Nellessen U, Zingel M, Hecker H, Bahnsen J, Borschke D. Effects of radiation therapy on myocardial cell integrity
and pump function: Which role for cardiac biomarkers? Chemotherapy. 2010;56(2):147-152.

363. Curry FR. Atrial natriuretic peptide: An essential physiological regulator of transvascular fluid, protein transport,
and plasma volume. | Clin Invest. 2005;115(6):1458-1461.

364. Bruder O, Jensen C, Jochims M, et al. Relation of B-type natriuretic peptide (BNP) and infarct size as assessed by
contrast-enhanced MRI. Int ] Cardiol. 2010;144(1):53-58.

365. Nadir MA, Witham MD, Szwejkowski BR, Struthers AD. Meta-analysis of B-type natriuretic peptide's ability to
identify stress induced myocardial ischemia. A | Cardiol. 2011;107(5):662-667.

366. Arjamaa O. Physiology of natriuretic peptides: The volume overload hypothesis revisited. World | Cardiol.
2014;6(1):4-7.

367. Maisel AS, Krishnaswamy P, Nowak RM, et al. Rapid measurement of B-type natriuretic peptide in the emergency
diagnosis of heart failure. N Eng/ | Med. 2002;347(3):161-167.

368. Roberts E, Ludman AJ, Dworzynski K, et al. The diagnostic accuracy of the natriuretic peptides in heart failure:
Systematic review and diagnostic meta-analysis in the acute care setting. BMJ. 2015;350:h910.

369. D'Errico MP, Grimaldi L, Petruzzelli MF, et al. N-terminal pro-B-type natriuretic peptide plasma levels as a
potential biomarker for cardiac damage after radiotherapy in patients with left-sided breast cancer. Int | Radiat Oncol Biol

Phys. 2012;82(2):¢239-46.

370. De lLuliis F, Salerno G, Taglieri L, et al. Serum biomarkers evaluation to predict chemotherapy-induced
cardiotoxicity in breast cancer patients. Tumour Biol. 2016;37(3):3379-87

126



371. Singh D, Thakur A, Tang WH. Utilizing cardiac biomarkers to detect and prevent chemotherapy-induced
cardiomyopathy. Curr Heart Fail Rep. 2015;12(3):255-262.

372. Feola M, Garrone O, Occelli M, et al. Cardiotoxicity after anthracycline chemotherapy in breast carcinoma: Effects
on left ventricular ejection fraction, troponin I and brain natriuretic peptide. In# | Cardiol. 2011;148(2):194-198.

373. D'Errico MP, Petruzzelli MF, Gianicolo EA, et al. Kinetics of B-type natriuretic peptide plasma levels in patients
with left-sided breast cancer treated with radiation therapy: Results after one-year follow-up. Int | Radiat Biol. 2015:1-6.

374. Palumbo I, Palumbo B, Fravolini ML, et al. Brain natriuretic peptide as a cardiac marker of transient radiotherapy-
related damage in left-sided breast cancer patients: A prospective study. Breast. 2016;25:45-50

375. Yu AF, Ky B. Roadmap for biomarkers of cancer therapy cardiotoxicity. Hearz. 2016;102(6):425-30
376. Gomez DR, Yusuf SW, Munsell MF, et al. Prospective exploratory analysis of cardiac biomarkers and
electrocardiogram abnormalities in patients receiving thoracic radiation therapy with high-dose heart exposure. | Thorac

Oneol. 2014;9(10):1554-1560.

377. Lindahl |, Strender LE, Larsson LE, Unsgaard A. Electrocardiographic changes after radiation therapy for
carcinoma of the breast. Incidence and functional significance. Acta Radiol Oncol. 1983;22(6):433-440.

378. Elme A, Saarto T, Totterman KJ, et al. Electrocardiography changes during adjuvant breast cancer therapy:
Incidence and risk factors. Anticancer Res. 2013;33(11):4933-4939.

379. Adar A, Canyilmaz E, Kiris A, et al. Radiotherapy induces development of fragmented QRS in patients with breast
cancet. Breast Care (Basel). 2015;10(4):277-280.

380. Aleman BM, Moser EC, Nuver J, et al. Cardiovascular disease after cancer therapy. EJC Suppl. 2014;12(1):18-28.

381. Slama MS, Le Guludec D, Sebag C, et al. Complete atrioventricular block following mediastinal irradiation: A
report of six cases. Pacing Clin Electrophysiol. 1991;14(7):1112-1118.

382. Orzan F, Brusca A, Gaita F, Giustetto C, Figliomeni MC, Libero L. Associated cardiac lesions in patients with
radiation-induced complete heart block. In# | Cardiol. 1993;39(2):151-156.

383. Trapani G, Quartuccio S, Dalbeni A, Stellitano A, Paunovic N, Imbalzano E. Late radiation-induced cardiac
conduction system abnormalities. Inz ] Cardiol. 2014;173(3):e40-1.

384. Underwood SR, de Bondt P, Flotats A, et al. The current and future status of nuclear cardiology: A consensus
repott. Eur Heart | Cardiovase Imaging. 2014;15(9):949-955.

385. Wagner A, Mahrholdt H, Holly TA, et al. Contrast-enhanced MRI and routine single photon emission computed
tomography (SPECT) perfusion imaging for detection of subendocardial myocardial infarcts: An imaging study. Lancer.

2003;361(9355):374-379.

386. Gyenes G, Fornander T, Carlens P, Glas U, Rutqvist LE. Myocardial damage in breast cancer patients treated with
adjuvant radiotherapy: A prospective study. Int | Radiat Oncol Biol Phys. 1996;36(4):899-905.

387. Eftekhari M, Anbiaci R, Zamani H, et al. Radiation-induced myocardial perfusion abnormalities in breast cancer
patients following external beam radiation therapy. Asia Ocean | Nucl Med Biol. 2015;3(1):3-9.

388. Chung E, Corbett JR, Moran JM, et al. Is there a dose-response relationship for heart disease with low-dose
radiation therapy? Int | Radiat Oncol Biol Phys. 2013;85(4):959-964.

389. Marks LB, Yu X, Prosnitz RG, et al. The incidence and functional consequences of RT-associated cardiac
perfusion defects. Inz | Radiat Oncol Biol Phys. 2005;63(1):214-223.

390. Prosnitz RG, Hubbs JL, Evans ES, et al. Prospective assessment of radiotherapy-associated cardiac toxicity in
breast cancer patients: Analysis of data 3 to 6 years after treatment. Cancer. 2007;110(8):1840-1850.

391. de Geus-Oci LF, Mavinkurve-Groothuis AM, Bellersen L, et al. Scintigraphic techniques for early detection of
cancer treatment-induced cardiotoxicity. | Nue/ Med Technol. 2013;41(3):170-181.

127



392. Saito K, Takeda K, Imanaka-Yoshida K, Imai H, Sekine T, Kamikura Y. Assessment of fatty acid metabolism in
taxan-induced myocardial damage with iodine-123 BMIPP SPECT: Comparative study with myocardial perfusion, left
ventricular function, and histopathological findings. Ann Nuc/ Med. 2003;17(6):481-488.

393. Saito K, Takeda K, Okamoto S, et al. Detection of doxorubicin cardiotoxicity by using iodine-123 BMIPP early
dynamic SPECT: Quantitative evaluation of early abnormality of fatty acid metabolism with the Rutland method. | Nuc/
Cardiol. 2000;7(6):553-561.

394. Nousiainen T, Vanninen E, Jantunen E, Remes |, Kuikka J, Hartikainen ]. Anthracycline-induced cardiomyopathy:
Long-term effects on myocardial cell integrity, cardiac adrenergic innervation and fatty acid uptake. Clin Physiol.
2001;21(1):123-128.

395. Health Quality Ontario. Positron emission tomography for the assessment of myocardial viability: An evidence-
based analysis. Ont Health Technol Assess Ser. 2005;5(16):1-167.

396. Osborn EA, Jaffer FA. The advancing clinical impact of molecular imaging in CVD. JACC Cardiovasc Imaging.
2013;6(12):1327-1341.

397. Slomka P, Berman DS, Alexanderson E, Germano G. The role of PET quantification in cardiovascular imaging.
Clin Trans! Imaging. 2014;2(4):343-358.

398. Unal K, Unlu M, Akdemir O, Akmansu M. 18F-FDG PET/CT findings of radiotherapy-related myocardial
changes in patients with thoracic malignancies. Nue/ Med Commun. 2013;34(9):855-859.

399. Zophel K, Holzel C, Dawel M, Holscher T, Evers C, Kotzerke J. PET/CT demonstrates increased myocardial
FDG uptake following irradiation therapy. Ewur ] Nuc/ Med Mol Imaging. 2007;34(8):1322-1323.

400. Miyagawa M, Yokoyama R, Nishiyama Y, Ogimoto A, Higaki J, Mochizuki T. Positron emission tomography-
computed tomography for imaging of inflammatory cardiovascular diseases. Cire J. 2014;78(6):1302-1310.

401. Figueroa AL, Abdelbaky A, Truong QA, et al. Measurement of arterial activity on routine FDG PET/CT images
improves prediction of risk of future CV events. [ACC Cardiovasc Imaging. 2013;6(12):1250-1259.

402. Evangelista A, Flachskampf F, Lancellotti P, et al. European Association of Echocardiography recommendations
for standardization of performance, digital storage and reporting of echocardiographic studies. Eur ] Echocardiogr.
2008;9(4):438-448.

403. Rudski LG, Lai WW, Afilalo ], et al. Guidelines for the echocardiographic assessment of the right heart in adults:
A report from the American Society of Echocardiography endorsed by the European Association of Echocardiography,
a registered branch of the European Society of Cardiology, and the Canadian Society of Echocardiography. | Am Soc
Echocardiogr. 2010;23(7):685-713; quiz 786-8.

404. Garbi M, McDonagh T, Cosyns B, et al. Appropriateness criteria for cardiovascular imaging use in heart failure:
Report of literature review. Eur Heart | Cardiovase Imaging. 2015;16(2):147-153.

405. Cohen GI, Pietrolungo JF, Thomas JD, Klein AL. A practical guide to assessment of ventricular diastolic function
using doppler echocardiography. | Aw Coll Cardiol. 1996;27(7):1753-1760.

406. Oh JK, Park SJ, Nagueh SF. Established and novel clinical applications of diastolic function assessment by
echocardiography. Circ Cardiovasc Imaging. 2011;4(4):444-455.

407. Dogan SM, Bilici HM, Bakkal H, et al. The effect of radiotherapy on cardiac function. Coron Artery Dis.
2012;23(3):146-154.

408. Cao L, Cai G, Chang C, et al. Diastolic dysfunction occurs early in HER2-positive breast cancer patients treated
concurrently with radiation therapy and trastuzumab. Oncologist. 2015;20(6):605-614.

409. Lo Q, Hee L, Batumalai V, et al. Subclinical cardiac dysfunction detected by strain imaging during breast
irradiation with persistent changes 6 weeks after treatment. Inz | Radiat Oncol Biol Phys. 2015;92(2):268-276.

410. Cimino S, Canali E, Petronilli V, et al. Global and regional longitudinal strain assessed by two-dimensional speckle
tracking echocardiography identifies early myocardial dysfunction and transmural extent of myocardial scar in patients

128



with acute ST elevation myocardial infarction and relatively preserved LV function. Eur Heart | Cardiovasc Imaging.
2013;14(8):805-811.

411. Favot M, Courage C, Ehrman R, Khait L, Levy P. Strain echocardiography in acute cardiovascular diseases. Wesz |
Emerg Med. 2016;17(1):54-60.

412. Heggemann F, Grotz H, Welzel G, et al. Cardiac function after multimodal breast cancer therapy assessed with
functional magnetic resonance imaging and echocardiography imaging. In# | Radiat Oncol Biol Phys. 2015;93(4):836-844.

413. Leather HA, Ama' R, Missant C, Rex S, Rademakers FE, Wouters PF. Longitudinal but not circumferential
deformation reflects global contractile function in the right ventricle with open pericardium. An | Physiol Heart Cire
Physiol. 2006;290(6):H2369-75.

414. Ferrara F, Rudski LG, Vriz O, et al. Physiologic correlates of tricuspid annular plane systolic excursion in 1168
healthy subjects. Int | Cardiol. 2016;223:736-743.

415. Kjaergaard J, Akkan D, Iversen KK, Kober L, Torp-Pedersen C, Hassager C. Right ventricular dysfunction as an
independent predictor of short- and long-term mortality in patients with heart failure. Eur ] Heart Fail. 2007;9(6-7):610-
616.

416. Damy T, Kallvikbacka-Bennett A, Goode K, et al. Prevalence of, associations with, and prognostic value of
tricuspid annular plane systolic excursion (TAPSE) among out-patients referred for the evaluation of heart failure. |
Card Fail. 2012;18(3):216-225.

417. Forfia PR, Fisher MR, Mathai SC, et al. Tricuspid annular displacement predicts survival in pulmonary
hypertension. Aw | Respir Crit Care Med. 2006;174(9):1034-1041.

418. Lobo JL, Holley A, Tapson V, et al. Prognostic significance of tricuspid annular displacement in normotensive
patients with acute symptomatic pulmonary embolism. | Thromb Haemost. 2014;12(7):1020-1027.

419. Pruszczyk P, Goliszek S, Lichodziejewska B, et al. Prognostic value of echocardiography in normotensive patients
with acute pulmonary embolism. JACC Cardiovasc Imaging. 2014;7(6):553-560.

420. Giri S, Chung YC, Merchant A, et al. T2 quantification for improved detection of myocardial edema. | Cardiovase
Magn Reson. 2009;11:56

421. Francone M, Carbone I, Agati L, et al. Utility of T2-weighted short-tau inversion recovery (STIR) sequences in
cardiac MRI: An overview of clinical applications in ischaemic and non-ischaemic heart disease. Radio/ Med.
2011;116(1):32-46.

422. Health Quality Ontario. Magnetic resonance imaging (MRI) for the assessment of myocardial viability: An
evidence-based analysis. Onz Health Technol Assess Ser. 2010;10(15):1-45.

423. Jellis C, Martin J, Narula J, Marwick TH. Assessment of nonischemic myocardial fibrosis. | A Coll Cardiol.
2010;56(2):89-97.

424. Moon JC, Messroghli DR, Kellman P, et al. Myocardial T1 mapping and extracellular volume quantification: A
Society for Cardiovascular Magnetic Resonance (SCMR) and CMR working group of the European Society of
Cardiology consensus statement. | Cardiovasc Magn Reson. 2013;15:92-429X-15-92.

425. Barkhausen J, Ruehm SG, Goyen M, Buck T, Laub G, Debatin JF. MR evaluation of ventricular function: True
fast imaging with steady-state precession versus fast low-angle shot cine MR imaging: Feasibility study. Radiology.
2001;219(1):264-269.

426. Lancellotti P, Nkomo VT, Badano LP, et al. Expert consensus for multi-modality imaging evaluation of
cardiovascular complications of radiotherapy in adults: A report from the European Association of Cardiovascular

Imaging and the American Society of Echocardiography. | Am Soc Echocardiogr. 2013;26(9):1013-1032.

427. Umezawa R, Ota H, Takanami K, et al. MRI findings of radiation-induced myocardial damage in patients with
oesophageal cancer. Clin Radiol. 2014;69(12):1273-1279.

129



428. de Azambuja E, Ameye L, Diaz M, et al. Cardiac assessment of eatly breast cancer patients 18years after treatment
with cyclophosphamide-, methotrexate-, fluorouracil- or epirubicin-based chemotherapy. Eur | Cancer.
2015;51(17):2517-2524.

429. Toro-Salazar OH, Ferranti |, Lorenzoni R, et al. Feasibility of echocardiographic techniques to detect subclinical
cancer therapeutics-related cardiac dysfunction among high-dose patients when compared with cardiac magnetic
resonance imaging. | Am Soc Echocardiogr. 2016;29(2):119-131.

430. Drafts BC, Twomley KM, D'Agostino R,Jr, et al. Low to moderate dose anthracycline-based chemotherapy is
associated with early noninvasive imaging evidence of subclinical cardiovascular disease. JACC Cardiovasc Imaging.

2013;6(8):877-885.

431. Bouchardy C, Rapiti E, Usel M, et al. Excess of cardiovascular mortality among node-negative breast cancer
patients irradiated for inner-quadrant tumors. Ann Oncol. 2010;21(3):459-465.

432. Correa CR, Litt HI, Hwang WT, Ferrari VA, Solin L], Harris EE. Coronary artery findings after left-sided
compared with right-sided radiation treatment for early-stage breast cancer. | Clin Oncol. 2007;25(21):3031-3037.

433. Nilsson G, Holmberg L, Garmo H, et al. Distribution of coronary artery stenosis after radiation for breast cancer.
] Clin Oneol. 2012;30(4):380-386.

434. Gujral DM, Lloyd G, Bhattacharyya S. Radiation-induced valvular heart disease. Hearz. 2016;102(4):269-76.

435. Cutter DJ, Schaapveld M, Darby SC, et al. Risk of valvular heart disease after treatment for Hodgkin lymphoma. |
Natl Cancer Inst. 2015;107(4):10.1093 /jnci/djv008. Print 2015 Apr.

436. Lund MB, Thlen H, Voss BM, et al. Increased risk of heart valve regurgitation after mediastinal radiation for
Hodgkin's disease: An echocardiographic study. Hearz. 1996;75(6):591-595.

437. Hull MC, Morris CG, Pepine CJ, Mendenhall NP. Valvular dysfunction and carotid, subclavian, and coronary
artery disease in survivors of Hodgkin lymphoma treated with radiation therapy. JAMA. 2003;290(21):2831-2837.

438. van Nimwegen FA, Schaapveld M, Janus CP, et al. Cardiovascular disease after Hodgkin lymphoma treatment: 40-
year disease risk. JAMA Intern Med. 2015;175(6):1007-1017.

439. Crestanello JA, McGregor CG, Danielson GK, et al. Mitral and tricuspid valve repair in patients with previous
mediastinal radiation therapy. Ann Thorac Surg. 2004;78(3):826-31; discussion 826-31.

440. Dijos M, Reynaud A, Leroux L, et al. Efficacy and follow-up of transcatheter aortic valve implantation in patients
with radiation-induced aottic stenosis. Open Heart. 2015;2(1):¢000252-2015-000252. eCollection 2015.

441. Maragiannis D, Nagueh SF. Echocardiographic evaluation of left ventricular diastolic function: An update. Curr
Cardiol Rep. 2015;17(2):3-014-0561-9.

442. Nagueh SF, Appleton CP, Gillebert TC, et al. Recommendations for the evaluation of left ventricular diastolic
function by echocardiography. Eur | Echocardiogr. 2009;10(2):165-193.

443. Jeong EM, Dudley SC,Jr. Diastolic dysfunction. Cire J. 2015;79(3):470-477.

444, Karrowni W, Chatterjee K. Diastolic heart failure: The current understanding and approach for management with
focus on intensive care unit patients. | Inzensive Care Med. 2014;29(3):119-127.

445, Paulus WJ, Tschope C. A novel paradigm for heart failure with preserved ejection fraction: Comorbidities drive
myocardial dysfunction and remodeling through coronary microvascular endothelial inflammation. | A Coll Cardiol.

2013;62(4):263-271.

446. Ma L, Gul R, Habibi J, et al. Nebivolol improves diastolic dysfunction and myocardial remodeling through
reductions in oxidative stress in the transgenic (mRen2) rat. Aw | Physiol Heart Circ Physiol. 2012;302(11):H2341-51.

447. Silberman GA, Fan TH, Liu H, et al. Uncoupled cardiac nitric oxide synthase mediates diastolic dysfunction.
Circnlation. 2010;121(4):519-528.

130



448. Reed AL, Tanaka A, Sorescu D, et al. Diastolic dysfunction is associated with cardiac fibrosis in the senescence-
accelerated mouse. Aw | Physiol Heart Circ Physiol. 2011;301(3):H824-31.

449. Martos R, Baugh J, Ledwidge M, et al. Diastolic heart failure: Evidence of increased myocardial collagen turnover
linked to diastolic dysfunction. Circulation. 2007;115(7):888-895.

450. Flather MD, Shibata MC, Coats AJ, et al. Randomized trial to determine the effect of nebivolol on mortality and
cardiovascular hospital admission in eldetly patients with heart failure (SENIORS). Exr Heart J. 2005;26(3):215-225.

451. Parmley WW. Pathophysiology of congestive heatt failure. Clin Cardiol. 1992;15 Suppl 1:15-12.

452. The Criteria Committee of the New York Heart Association. Nomenclature and criteria for diagnosis of diseases of the heart
and great vessels. In: Nomenclature and criteria for diagnosis of diseases of the heart and great vessels. 9th ed. Boston: Little,
Brown&Co; 1994:253-256.

453. Khan NF, Mant D, Carpenter L, Forman D, Rose PW. Long-term health outcomes in a British cohort of breast,
colorectal and prostate cancer survivors: A database study. Br ] Cancer. 20115105 Suppl 1:529-37.

454. Chan DS, Vieira AR, Aune D, et al. Body mass index and survival in women with breast cancer-systematic
literature review and meta-analysis of 82 follow-up studies. Anz Oncol. 2014;25(10):1901-1914.

455. Hursting SD, Berger NA. Energy balance, host-related factors, and cancer progression. | Clin Oncol.
2010;28(26):4058-40065.

456. Zhang K, Huang F, Chen J, et al. Independent influence of overweight and obesity on the regression of left
ventricular hypertrophy in hypertensive patients: A meta-analysis. Medicine (Baltimore). 2014;93(25):¢130.

457. Lin Q, Huang Y, Booth CJ, et al. Activation of hypoxia-inducible factor-2 in adipocytes results in pathological
cardiac hypertrophy. | Am Heart Assoc. 2013;2(6):e000548.

458. Golia E, Limongelli G, Natale F, et al. Adipose tissue and vascular inflaimmation in coronary artery disease. World |
Cardiol. 2014;6(7):539-554.

459. Kannel WB. Role of blood pressure in cardiovascular disease: The Framingham study. Angiology. 1975;26(1 Pt. 1):1-
14.

460. Cushman WC. The burden of uncontrolled hypertension: Morbidity and mortality associated with disease
progression. | Clin Hypertens (Greenwich). 2003;5(3 Suppl 2):14-22.

461. Law MR, Motris JK, Wald NJ. Use of blood pressure lowering drugs in the prevention of cardiovascular disease:
Meta-analysis of 147 randomised trials in the context of expectations from prospective epidemiological studies. BM]J.
2009;338:b1665.

462. Peeters PH, van Noord PA, Hoes AW, Fracheboud J, Gimbrere CH, Grobbee DE. Hypertension and breast
cancer risk in a 19-year follow-up study (the DOM cohort). Diagnostic investigation into mammarian cancer. |
Hypertens. 2000;18(3):249-254.

463. Largent JA, McEligot AJ, Ziogas A, et al. Hypertension, diuretics and breast cancer risk. | Hum Hypertens.
2006;20(10):727-732.

464. Ganz PA, Habel LA, Weltzien EK, Caan BJ, Cole SW. Examining the influence of beta blockers and ACE
inhibitors on the risk for breast cancer recurrence: Results from the LACE cohott. Breast Cancer Res Treat.

2011;129(2):549-556.

465. Chae YK, Valsecchi ME, Kim |, et al. Reduced risk of breast cancer recurrence in patients using ACE inhibitors,
ARBs, and/ ot statins. Cancer Invest. 2011;29(9):585-593.

466. Chae YK, Brown EN, Lei X, et al. Use of ACE inhibitors and angiotensin receptor blockers and primary breast
cancer outcomes. | Cancer. 2013;4(7):549-556.

467. Babacan T, Balakan O, Kuzan TY, et al. The effect of renin-angiotensin-system inhibition on survival and
recurrence of N3+ breast cancer patients. | BUON. 2015;20(1):50-56.

131



468. Bhaskaran K, Douglas I, Evans S, van Staa T, Smeeth L. Angiotensin receptor blockers and risk of cancer: Cohort
study among people receiving antihypertensive drugs in UK general practice research database. BM]. 2012;344:¢2697.

469. Tjessem KH, Bosse G, Fossa K, et al. Coronary calcium score in 12-year breast cancer survivors after adjuvant
radiotherapy with low to moderate heart exposure - relationship to cardiac radiation dose and cardiovascular risk
factors. Radiother Oncol. 2015;114(3):328-334.

470. Macacu A, Autier P, Boniol M, Boyle P. Active and passive smoking and risk of breast cancer: A meta-analysis.
Breast Cancer Res Treat. 2015;154(2):213-224.

471. Carter BD, Abnet CC, Feskanich D, et al. Smoking and mortality--beyond established causes. N Eng/ ] Med.
2015;372(7):631-640.

472. Passarelli MN, Newcomb PA, Hampton JM, et al. Cigarette smoking before and after breast cancer diagnosis:
Mortality from breast cancer and smoking-related diseases. | Clin Oncol. 2016;34(12):1315-1322.

473. Lu L, Mackay DF, Pell JP. Meta-analysis of the association between cigarette smoking and peripheral arterial
disease. Heart. 2014;100(5):414-423.

474. Mons U, Muezzinler A, Gellert C, et al. Impact of smoking and smoking cessation on cardiovascular events and
mortality among older adults: Meta-analysis of individual participant data from prospective cohort studies of the
CHANCES consortium. BMJ. 2015;350:h1551.

475. Huxley RR, Woodward M. Cigarette smoking as a risk factor for coronary heart disease in women compared with
men: A systematic review and meta-analysis of prospective cohort studies. Lancer. 2011;378(9799):1297-1305.

476. He ], Vupputuri S, Allen K, Prerost MR, Hughes J, Whelton PK. Passive smoking and the risk of coronary heart
disease--a meta-analysis of epidemiologic studies. N Eng/ ] Med. 1999;340(12):920-926.

477. 2014 surgeon general's report: The health consequences of Smoking—50 years of progress.
http://www.cdc.gov/tobacco/data_statistics /sgr/50th-anniversary/. Updated 2014.

478. Warren GW, Sobus S, Gritz ER. The biological and clinical effects of smoking by patients with cancer and
strategies to implement evidence-based tobacco cessation support. Lancet Oncol. 2014;15(12):¢568-80.

479. Overgaard |, Nielsen JE, Grau C. Effect of carboxyhemoglobin on tumor oxygen unloading capacity in patients
with squamous cell carcinoma of the head and neck. Inz | Radiat Oncol Biol Phys. 1992;22(3):407-410.

480. Hoff CM, Grau C, Overgaard J. Effect of smoking on oxygen delivery and outcome in patients treated with
radiotherapy for head and neck squamous cell carcinoma--a prospective study. Radiother Oncol. 2012;103(1):38-44.

481. Vogelius IR, Bentzen SM. A literature-based meta-analysis of clinical risk factors for development of radiation
induced pneumonitis. Acza Oncol. 2012;51(8):975-983.

482. Thavendiranathan P, Bagai A, Brookhart MA, Choudhry NK. Primary prevention of cardiovascular diseases with
statin therapy: A meta-analysis of randomized controlled trials. Arch Intern Med. 2006;166(21):2307-2313.

483. Shahid M, Sun RL, Liu Y, et al. Is high high-density lipoprotein cholesterol beneficial for premature coronary heart
disease? A meta-analysis. Eur ] Prev Cardiol. 2015.

484. Cholesterol Treatment Trialists' (CT'T) Collaboration, Fulcher J, O'Connell R, et al. Efficacy and safety of LDL-
lowering therapy among men and women: Meta-analysis of individual data from 174,000 participants in 27 randomised

trials. Lancet. 2015;385(9976):1397-1405.

485. Bonovas S, Filioussi K, Flordellis CS, Sitaras NM. Statins and the risk of colorectal cancer: A meta-analysis of 18
studies involving more than 1.5 million patients. | Clin Oncol. 2007;25(23):3462-3468.

486. Bonovas S. Statins: Do they have a potential role in cancer prevention and modifying cancer-related outcomes?
Drugs. 2014;74(16):1841-1848.

487. Touvier M, Fassier P, His M, et al. Cholesterol and breast cancer risk: A systematic review and meta-analysis of
prospective studies. Br ] Nutr. 2015;114(3):347-357.

132



488. YuPeng L, YuXue Z, PengFei L, et al. Cholesterol levels in blood and the risk of prostate cancer: A meta-analysis
of 14 prospective studies. Cancer Epidemiol Biomarkers Prev. 2015;24(7):1086-1093.

489. Gabriels K, Hoving S, Seemann I, et al. Local heart irradiation of ApoE(-/-) mice induces microvascular and
endocardial damage and accelerates coronary atherosclerosis. Radiother Oncol. 2012;105(3):358-364.

490. Stewart FA, Hoving S, Russell NS. Vascular damage as an underlying mechanism of cardiac and cerebral toxicity in
irradiated cancer patients. Radiat Res. 2010;174(6):865-869.

491. De Bruijn KM, Arends LR, Hansen BE, Leeflang S, Ruiter R, van Eijck CH. Systematic review and meta-analysis
of the association between diabetes mellitus and incidence and mortality in breast and colorectal cancer. Br | Surg.
2013;100(11):1421-1429.

492. Boyle P, Boniol M, Koechlin A, et al. Diabetes and breast cancer risk: A meta-analysis. Br ] Cancer.
2012;107(9):1608-1617.

493. Erickson K, Patterson RE, Flatt SW, et al. Clinically defined type 2 diabetes mellitus and prognosis in early-stage
breast cancer. | Clin Oncol. 2011;29(1):54-60.

494. Emerging Risk Factors Collaboration, Sarwar N, Gao P, et al. Diabetes mellitus, fasting blood glucose
concentration, and risk of vascular disease: A collaborative meta-analysis of 102 prospective studies. Lancer.

2010;375(9733):2215-2222.

495. Emerging Risk Factors Collaboration, Seshasai SR, Kaptoge S, et al. Diabetes mellitus, fasting glucose, and risk of
cause-specific death. N Eng/ | Med. 2011;364(9):829-841.

496. Holman RR, Sourij H, Califf RM. Cardiovascular outcome trials of glucose-lowering drugs or strategies in type 2
diabetes. Lancet. 2014;383(9933):2008-2017.

497. Patton W, Gillespie H, Frew L, Burns M, Lewis S, Chakravarthy U. The effects of high ambient glucose on the
radiosensitivity of retinal microvascular endothelial cells and pericytes. Curr Eye Res. 2002;24(1):51-57.

498. Mayer A, Vaupel P, Struss HG, Giese A, Stockinger M, Schmidberger H. Strong adverse prognostic impact of
hyperglycemic episodes during adjuvant chemoradiotherapy of glioblastoma multiforme. S#rablenther Onfkol.
2014;190(10):933-938.

499. Szerlip N, Rutter C, Ram N, et al. Factors impacting volumetric white matter changes following whole brain
radiation therapy. | Neurooncol. 2011;103(1):111-119.

500. Orshal JM, Khalil RA. Gender, sex hormones, and vascular tone. Aw | Physio! Regul Integr Comp Physiol.
2004;286(2):R233-49.

501. Anderson GL, Limacher M, Assaf AR, et al. Effects of conjugated equine estrogen in postmenopausal women
with hysterectomy: The women's health initiative randomized controlled trial. JAM.A. 2004;291(14):1701-1712.

502. Rossouw JE, Anderson GL, Prentice RL, et al. Risks and benefits of estrogen plus progestin in healthy
postmenopausal women: Principal results from the Women's health initiative randomized controlled trial. JAMA.

2002;288(3):321-333.

503. Cutchins A, Wenger NK. Is there a role for menopausal hormone therapy (MHT) for cardiovascular disease
prevention in select postmenopausal women? Curr Treat Options Cardiovase Med. 2013;15(6):722-34

504. Gurney EP, Nachtigall MJ, Nachtigall LE, Naftolin F. The Women's Health Initiative trial and related studies: 10
years later: A clinician's view. ] Steroid Biochem Mol Biol. 2014;142:4-11.

505. Schierbeck LL, Rejnmark L, Tofteng CL, et al. Effect of hormone replacement therapy on cardiovascular events in
recently postmenopausal women: Randomised trial. BM]. 2012;345:¢6409.

506. Menopause: Full guideline. Nice guideline no 23. National Collaborating Centre for Women's and Children's
Health (UK). London 2015.

507. Pedram A, Razandi M, Korach KS, Narayanan R, Dalton JT, Levin ER. ERbeta selective agonist inhibits
angiotensin-induced cardiovascular pathology in female mice. Endocrinology. 2013;154(11):4352-4364.

133



508. Pedram A, Razandi M, O'Mahony F, Lubahn D, Levin ER. Estrogen receptor-beta prevents cardiac fibrosis. Mo/
Endocrinol. 2010;24(11):2152-2165.

509. Pedram A, Razandi M, Narayanan R, Dalton JT, McKinsey TA, Levin ER. Estrogen regulates histone deacetylases
to prevent cardiac hypertrophy. Mo/ Bio/ Cell. 2013.

510. Zhao Z, Wang H, Jessup JA, Lindsey SH, Chappell MC, Groban L. Role of estrogen in diastolic dysfunction. Aw |
Physiol Heart Cire Physiol. 2014;306(5):H628-40.

511. Taskin O, Muderrisoglu H, Akar M, Simsek M, Mendilcioglu I, Kursun S. Comparison of the effects of tibolone
and estrogen replacement therapy on echocardiographic basic cardiac functions in post-menopausal women: A
randomized placebo controlled study. Maturitas. 2004;48(4):354-359.

512. Liu A, Schreier D, Tian L, et al. Direct and indirect protection of right ventricular function by estrogen in an
experimental model of pulmonary arterial hypertension. Aw | Physiol Heart Cire Physiol. 2014;307(3):H273-83.

513. Totlakovic E, Lilleby W, Berner A, et al. Differential expression of steroid receptors in prostate tissues before and
after radiation therapy for prostatic adenocarcinoma. Int | Cancer. 2005;117(3):381-386.

514. Lindner V, Kim SK, Karas RH, Kuiper GG, Gustafsson JA, Mendelsohn ME. Increased expression of estrogen
receptor-beta mRNA in male blood vessels after vascular injury. Cire Res. 1998;83(2):224-229.

515. Wang M, Wang Y, Weil B, et al. Estrogen receptor beta mediates increased activation of PI3K/akt signaling and
improved myocardial function in female hearts following acute ischemia. A | Physiol Regul Integr Comp Physiol.
2009;296(4):R972-8.

516. Rosell ], Nordenskjold B, Bengtsson NO, et al. Effects of adjuvant tamoxifen therapy on cardiac disease: Results
from a randomized trial with long-term follow-up. Breast Cancer Res Treat. 2013;138(2):467-473.

517. Rutqvist LE, Mattsson A. Cardiac and thromboembolic morbidity among postmenopausal women with early-stage
breast cancer in a randomized trial of adjuvant tamoxifen. The Stockholm breast cancer study group. | Nat/ Cancer Inst.
1993;85(17):1398-1406.

518. Davies C, Pan H, Godwin J, et al. Long-term effects of continuing adjuvant tamoxifen to 10 years versus stopping
at 5 years after diagnosis of oestrogen receptor-positive breast cancer: ATLAS, a randomised trial. Lancet.
2013;381(9869):805-816.

519. Asp ML, Martindale JJ, Metzger JM. Direct, differential effects of tamoxifen, 4-hydroxytamoxifen, and raloxifene
on cardiac myocyte contractility and calcium handling. PLoS One. 2013;8(10):e78768.

520. Patel BM, Desai VJ. Beneficial role of tamoxifen in experimentally induced cardiac hypertrophy. Pharmacol Rep.
2014;66(2):264-272.

521. Rayabarapu N, Patel BM. Beneficial role of tamoxifen in isoproterenol-induced myocardial infarction. Can | Physiol
Pharmacol. 2014;92(10):849-857.

522. Colletta AA, Wakefield LM, Howell FV, et al. Anti-oestrogens induce the secretion of active transforming growth
factor beta from human fetal fibroblasts. Br ] Cancer. 1990;62(3):405-409.

523. Harris EE, Christensen V], Hwang WT, Fox K, Solin L]. Impact of concurrent versus sequential tamoxifen with
radiation therapy in early-stage breast cancer patients undergoing breast conservation treatment. | Clin Oncol.

2005;23(1):11-16.

524. Zuloaga KL, Davis CM, Zhang W, Alkayed NJ. Role of aromatase in sex-specific cerebrovascular endothelial
function in mice. Awm J Physiol Heart Cire Physiol. 2014;306(7):H929-37.

525. Amir E, Seruga B, Niraula S, Carlsson L, Ocana A. Toxicity of adjuvant endocrine therapy in postmenopausal
breast cancer patients: A systematic review and meta-analysis. | Na#/ Cancer Inst. 2011;103(17):1299-1309.

526. Seruga B, Zadnik V, Kuhar CG, et al. Association of aromatase inhibitors with coronary heart disease in women
with eatly breast cancer. Cancer Invest. 2014;32(4):99-104.

134



527. Obi N, Gornyk D, Heinz J, et al. Determinants of newly diagnosed comorbidities among breast cancer survivors. |
Cancer Surviv. 2014;8(3):384-393.

528. Azria D, Larbouret C, Cunat S, et al. Letrozole sensitizes breast cancer cells to ionizing radiation. Breast Cancer Res.
2005;7(1):R156-63.

529. Zeng 7], Li JH, Zhang Y], Zhao ST. Optimal combination of radiotherapy and endocrine drugs in breast cancer
treatment. Cancer Radiother. 2013;17(3):208-214.

530. Bourgier C, Kerns S, Gourgou S, et al. Concurrent or sequential letrozole with adjuvant breast radiotherapy: Final
results of the CO-HO-RT phase 1I randomized trialdagger. Ann Oncol. 2015.

531. Cecchini MJ, Yu E, Potvin K, D'souza D, Lock M. Concurrent or sequential hormonal and radiation therapy in
breast cancer: A literature review. Curens. 2015;7(10):e364.

532. Crown |, O'Leary M. The taxanes: An update. Lancet. 2000;355(9210):1176-1178.

533. Arbuck SG, Strauss H, Rowinsky E, et al. A reassessment of cardiac toxicity associated with taxol. | Na#/ Cancer Inst
Monogr. 1993;(15)(15):117-130.

534. Rowinsky EK, McGuire WP, Guarnieri T, Fisherman JS, Christian MC, Donehower RC. Catdiac disturbances
during the administration of taxol. | Clin Oncol. 1991;9(9):1704-1712.

535. Shimoyama M, Murata Y, Sumi KI, Hamazoe R, Komuro 1. Docetaxel induced cardiotoxicity. Heart.
2001;86(2):219.

536. Hahn VS, Lenihan DJ, Ky B. Cancer therapy-induced cardiotoxicity: Basic mechanisms and potential
cardioprotective therapies. [ Am Heart Assoc. 2014;3(2):¢000665.

537. Zhang S, Liu X, Bawa-Khalfe T, et al. Identification of the molecular basis of doxorubicin-induced cardiotoxicity.
Nat Med. 2012;18(11):1639-1642.

538. Conway A, McCarthy AL, Lawrence P, Clark RA. The prevention, detection and management of cancer treatment-
induced cardiotoxicity: A meta-review. BMC Cancer. 2015;15:366-015-1407-6.

539. Volkova M, Russell R,3rd. Anthracycline cardiotoxicity: Prevalence, pathogenesis and treatment. Curr Cardiol Rev.
2011;7(4):214-220.

540. Von Hoff DD, Layard MW, Basa P, et al. Risk factors for doxorubicin-induced congestive heart failure. Ann Intern
Med. 1979;91(5):710-717.

541. Bowles EJ, Wellman R, Feigelson HS, et al. Risk of heart failure in breast cancer patients after anthracycline and
trastuzumab treatment: A retrospective cohort study. | Na#/ Cancer Inst. 2012;104(17):1293-1305.

542. Dogru A, Cabuk D, Sahin T, Dolasik I, Temiz S, Uygun K. Evaluation of cardiotoxicity via speckle-tracking
echocardiography in patients treated with anthracyclines. Onkologie. 2013;36(12):712-716.

543. Florescu M, Magda LS, Enescu OA, Jinga D, Vinereanu D. Eatly detection of epirubicin-induced cardiotoxicity in
patients with breast cancer. | Aw Soc Echocardiogr. 2014;27(1):83-92.

544. Sawaya H, Sebag IA, Plana JC, et al. Assessment of echocardiography and biomarkers for the extended prediction
of cardiotoxicity in patients treated with anthracyclines, taxanes, and trastuzumab. Cire Cardiovasc Imaging. 2012;5(5):596-
603.

545. Christenson ES, James T, Agrawal V, Park BH. Use of biomarkers for the assessment of chemotherapy-induced
cardiac toxicity. Clin Biochem. 2015;48(4-5):223-235.

546. Ky B, Putt M, Sawaya H, et al. Early increases in multiple biomarkers predict subsequent cardiotoxicity in breast
cancer patients treated with doxorubicin, taxanes, and trastuzumab. [ Aw Coll Cardiol. 2013.

547. Plana JC, Galderisi M, Barac A, et al. Expert consensus for multimodality imaging evaluation of adult patients

during and after cancer therapy: A report from the American Society of Echocardiography and the European
Association of Cardiovascular Imaging. | Am Soc Echocardiogr. 2014;27(9):911-939.

135



548. Longley DB, Harkin DP, Johnston PG. 5-fluorouracil: Mechanisms of action and clinical strategies. Naz Rev Cancer.
2003;3(5):330-338.

549. Malet-Martino M, Martino R. Clinical studies of three oral prodrugs of 5-fluorouracil (capecitabine, UFT, S-1): A
review. Oncologist. 2002;7(4):288-323.

550. Sorrentino MF, Kim J, Foderaro AE, Truesdell AG. 5-fluorouracil induced cardiotoxicity: Review of the literature.
Cardiol . 2012;19(5):453-458.

551. Polk A, Vistisen K, Vaage-Nilsen M, Nielsen DL. A systematic review of the pathophysiology of 5-fluorouracil-
induced cardiotoxicity. BMC Pharmacol Toxicol. 2014;15:47-6511-15-47.

552. de Jonge ME, Huitema AD, Rodenhuis S, Beijnen JH. Clinical pharmacokinetics of cyclophosphamide. Clin
Pharmacokinet. 2005;44(11):1135-1164.

553. Mythili Y, Sudharsan PT, Sudhahar V, Varalakshmi P. Protective effect of DL-alpha-lipoic acid on
cyclophosphamide induced hyperlipidemic cardiomyopathy. Eur | Pharmacol. 2006;543(1-3):92-96.

554. Sudharsan PT, Mythili Y, Selvakumar E, Varalakshmi P. Lupeol and its ester exhibit protective role against
cyclophosphamide-induced cardiac mitochondrial toxicity. | Cardiovase Pharmacol. 2006;47(2):205-210.

555. Goldberg MA, Antin JH, Guinan EC, Rappeport JM. Cyclophosphamide cardiotoxicity: An analysis of dosing as a
risk factor. Blood. 1986;68(5):1114-1118.

556. Morandi P, Ruffini PA, Benvenuto GM, La Vecchia L, Mezzena G, Raimondi R. Serum cardiac troponin I levels
and ECG/echo monitoring in breast cancer patients undergoing high-dose (7 g/m(2)) cyclophosphamide. Bone Marrow
Transplant. 2001;28(3):277-282.

557. Fuller S, Sivarajah K, Sugden PH. ExbB receptors, their ligands, and the consequences of their activation and
inhibition in the myocardium. | Mo/ Cell Cardiol. 2008;44(5):831-854.

558. Gordon LI, Burke MA, Singh AT, et al. Blockade of the erbB2 receptor induces cardiomyocyte death through
mitochondrial and reactive oxygen species-dependent pathways. | Bio/ Chen. 2009;284(4):2080-2087.

559. Reijers JA, Burggraaf J. Trastuzumab induces an immediate, transient volume increase in humans: A randomised
placebo-controlled trial. EBioMedicine. 2015;2(8):951-957.

560. Mantarro S, Rossi M, Bonifazi M, et al. Risk of severe cardiotoxicity following treatment with trastuzumab: A
meta-analysis of randomized and cohort studies of 29,000 women with breast cancer. Intern Emerg Med. 2016;11(1):123-
140.

561. Moja L, Tagliabue L, Balduzzi S, et al. Trastuzumab containing regimens for early breast cancer. Cochrane Database
Syst Rev. 2012;4:CD006243.

562. Cao L, Cai G, Chang C, et al. Early cardiac toxicity following adjuvant radiotherapy of left-sided breast cancer with
or without concurrent trastuzumab. Oncotarget. 2016;7(1):1042-1054.

563. Aldetliesten T, Betgen A, Elkhuizen PH, van Vliet-Vroegindeweij C, Remeijer P. Estimation of heart-position
variability in 3D-surface-image-guided deep-inspiration breath-hold radiation therapy for left-sided breast cancer.
Radiother Oncol. 2013;109(3):442-447.

564. Molteni A, Moulder JE, Cohen EF, et al. Control of radiation-induced pneumopathy and lung fibrosis by
angiotensin-converting enzyme inhibitors and an angiotensin II type 1 receptor blocker. Int | Radiat Biol.

2000;76(4):523-532.

565. Moulder JE, Fish BL, Cohen EP. Treatment of radiation nephropathy with ACE inhibitors and AlI type-1 and
type-2 receptor antagonists. Curr Pharm Des. 2007;13(13):1317-1325.

566. Akolkar G, Bhullar N, Bews H, et al. The role of renin angiotensin system antagonists in the prevention of
doxorubicin and trastuzumab induced cardiotoxicity. Cardiovase Ultrasound. 2015;13:18-015-0011-x.

136



567. Gulati G, Heck SL, Ree AH, et al. Prevention of cardiac dysfunction during adjuvant breast cancer therapy
(PRADA): A 2 x 2 factorial, randomized, placebo-controlled, double-blind clinical trial of candesartan and metoprolol.
Eur Heart J. 2016; 37(21):1671-80

568. Vargas-Uricoechea H, Sierra-Torres CH. Thyroid hormones and the heart. Horm Mol Biol Clin Investig.
2014;18(1):15-26.

569. Chen YF, Weltman NY, Li X, Youmans S, Krause D, Gerdes AM. Improvement of left ventricular remodeling
after myocardial infarction with eight weeks L-thyroxine treatment in rats. | Trans/ Med. 2013;11:40-5876-11-40.

570. Forini F, Lionetti V, Ardehali H, et al. Early long-term L-T3 replacement rescues mitochondria and prevents
ischemic cardiac remodelling in rats. | Cel/ Mo/ Med. 2011;15(3):514-524.

571. Pantos C, Mourouzis I, Markakis K, et al. Thyroid hormone attenuates cardiac remodeling and improves
hemodynamics eatly after acute myocardial infarction in rats. Eur ] Cardiothorac Surg. 2007;32(2):333-339.

572. Pantos C, Mourouzis I, Markakis K, Tsagoulis N, Panagiotou M, Cokkinos DV. Long-term thyroid hormone
administration reshapes left ventricular chamber and improves cardiac function after myocardial infarction in rats. Basic

Res Cardiol. 2008;103(4):308-318.

573. Carneiro-Ramos MS, Diniz GP, Almeida J, et al. Cardiac angiotensin II type I and type II receptors are increased
in rats submitted to experimental hypothyroidism. | Physiol. 2007;583(Pt 1):213-223.

574. Weltman NY, Ojamaa K, Schlenker EH, et al. Low-dose T(3) replacement restores depressed cardiac T(3) levels,
preserves coronary microvasculature and attenuates cardiac dysfunction in experimental diabetes mellitus. Mo/ Med.

2014;20:302-312.

575. Lymvaios I, Mourouzis I, Cokkinos DV, Dimopoulos MA, Toumanidis ST, Pantos C. Thyroid hormone and
recovery of cardiac function in patients with acute myocardial infarction: A strong association? Eur | Endocrinol.
2011;165(1):107-114.

576. Lee YM, Ki Y], Choi DH, et al. Value of low triiodothyronine and subclinical myocardial injury for clinical
outcomes in chest pain. Am | Med Sei. 2015;350(5):393-397.

577. Fan S, Ni X, Wang |, et al. Low triiodothyronine syndrome in patients with radiation enteritis: Risk factors and
clinical outcomes an observational study. Medicine (Baltimore). 2016;95(6):¢2640.

578. de Groot S, Janssen LG, Charehbili A, et al. Thyroid function alters during neoadjuvant chemotherapy in breast
cancer patients: Results from the NEOZOTAC trial BOOG 2010-01). Breast Cancer Res Treat. 2015;149(2):461-466.

579. Santos RA, Ferreira AJ, Verano-Braga T, Bader M. Angiotensin-converting enzyme 2, angiotensin-(1-7) and mas:
New players of the renin-angiotensin system. | Endocrinol. 2013;216(2):R1-R17.

580. Gallagher PE, Arter AL, Deng G, Tallant EA. Angiotensin-(1-7): A peptide hormone with anti-cancer activity.
Curr Med Chem. 2014;21(21):2417-2423.

581. Willey JS, Bracey DN, Gallagher PE, et al. Angiotensin-(1-7) attenuates skeletal muscle fibrosis and stiffening in a
mouse model of extremity sarcoma radiation therapy. | Bone Joint Surg Am. 2016;98(1):48-55.

582. Moore ED, Kooshki M, Metheny-Barlow LJ, Gallagher PE, Robbins ME. Angiotensin-(1-7) prevents radiation-
induced inflammation in rat primary astrocytes through regulation of MAP kinase signaling. Free Radic Biol Med.
2013;65:1060-1068.

583. Rodgers KE, Espinoza T, Roda N, et al. Accelerated hematopoietic recovery with angiotensin-(1-7) after total
body radiation. I/ | Radiat Biol. 2012;88(6):466-476.

584. Zhang K, He X, Zhou Y, et al. Atorvastatin ameliorates radiation-induced cardiac fibrosis in rats. Radiat Res.
2015;184(6):611-620.

585. Gaugler MH, Vereycken-Holler V, Squiban C, Vandamme M, Vozenin-Brotons MC, Benderitter M. Pravastatin

limits endothelial activation after irradiation and decreases the resulting inflaimmatory and thrombotic responses. Radiat
Res. 2005;163(5):479-487.

137



586. Holler V, Buard V, Gaugler MH, et al. Pravastatin limits radiation-induced vascular dysfunction in the skin. | Invest
Dermatol. 2009;129(5):1280-1291.

587. Zhao X, Yang H, Jiang G, et al. Simvastatin attenuates radiation-induced tissue damage in mice. | Radiat Res.
2014;55(2):257-264.

588. Wedlake LJ, Silia F, Benton B, et al. Evaluating the efficacy of statins and ACE-inhibitors in reducing
gastrointestinal toxicity in patients receiving radiotherapy for pelvic malignancies. Eur | Cancer. 2012;48(14):2117-2124.

589. Sutcliffe P, Connock M, Gurung T, et al. Aspirin for prophylactic use in the primary prevention of cardiovascular
disease and cancer: A systematic review and overview of reviews. Health Technol Assess. 2013;17(43):1-253.

590. Wolff T, Miller T, Ko S. Aspirin for the primary prevention of cardiovascular events: An update of the evidence
for the U.S. preventive services task force. Ann Intern Med. 2009;150(6):405-410.

591. Lotrionte M, Biasucci LM, Peruzzi M, Frati G, Giordano A, Biondi-Zoccai G. Which aspirin dose and preparation
is best for the long-term prevention of cardiovascular disease and cancer? Evidence from a systematic review and
network meta-analysis. Prog Cardiovasc Dis. 2016;58(5):495-504

592. Osborn VW, Chen SC, Weiner J, Schwartz D, Schreiber D. Impact of aspirin on clinical outcomes for African
American men with prostate cancer undergoing radiation. Tumori. 2016;102(1):65-70.

593. Restivo A, Cocco IM, Casula G, et al. Aspirin as a neoadjuvant agent during preoperative chemoradiation for rectal
cancer. Br ] Cancer. 2015;113(8):1133-1139.

594. Fraser DM, Sullivan FM, Thompson AM, McCowan C. Aspirin use and survival after the diagnosis of breast
cancer: A population-based cohort study. Br ] Cancer. 2014;111(3):623-627.

595. Barron TI, Murphy LM, Brown C, Bennett K, Visvanathan K, Sharp L. De novo post-diagnosis aspirin use and
mortality in women with stage I-111 breast cancer. Cancer Epidemiol Biomarkers Prev. 2015;24(6):898-904.

596. Kastarinen M, Antikainen R, Peltonen M, et al. Prevalence, awareness and treatment of hypertension in Finland
during 1982-2007. ] Hypertens. 2009;27(8):1552-1559.

597. Wikstrom K, Lindstrom J, Harald K, Peltonen M, Laatikainen T. Clinical and lifestyle-related risk factors for
incident multimorbidity: 10-year follow-up of Finnish population-based cohorts 1982-2012. Eur ] Intern Med.
2015;26(3):211-216.

598. Feng M, Moran JM, Koelling T, et al. Development and validation of a heart atlas to study cardiac exposure to
radiation following treatment for breast cancer. Int | Radiat Oncol Biol Phys. 2011;79(1):10-18.

599. Topolnjak R, Borst GR, Nijkamp J, Sonke J]J. Image-guided radiotherapy for left-sided breast cancer patients:
Geometrical uncertainty of the heart. In? | Radiat Oncol Biol Phys. 2012;82.(4):¢647-55.

600. McIntosh A, Shoushtari AN, Benedict SH, Read PW, Wijesooriya K. Quantifying the reproducibility of heart
position during treatment and corresponding delivered heart dose in voluntary deep inhalation breath hold for left

breast cancer patients treated with external beam radiotherapy. Int | Radiat Oncol Biol Phys. 2011;81(4):e569-76.

601. Stewart FA. Mechanisms and dose-response relationships for radiation-induced cardiovascular disease. Ann ICRP.
2012;41(3-4):72-79.

602. Benderli Cihan Y, Arsav V. The effects of hormonotherapy administered concurrent radiotherapy and trastuzumab
on cardiac toxicity in rats. Anadolu Kardiyo! Derg. 2014;14(4):328-333.

Supplementary table 1. The 7t AJCC edition of breast cancer TNM.

138



X
TO
Tis
Tis (DCIS)
Tis (LCIS)

Tis (Paget)

T1
T1mi
Tla
T1b
Tlc
T2
3
T4
T4a

T4b
T4c

T4d

Primary tumor (T)

Primary tumor cannot be assessed
No evidence of primary tumor
Carcinoma in situ

Ductal carcinoma in situ

Lobular carcinoma in situ

Paget disease of the nipple NOT associated with invasive carcinoma and/or carcinoma in situ (DCIS and/or LCIS) in the
underlying breast parenchyma. Carcinomas in the breast parenchyma associated with Paget disease are categorized based on
the size and characteristics of the parenchymal disease, although the presence of Paget disease should still be noted

Tumor < 20 mm in greatest dimension

Tumor < 1 mm in greatest dimension

Tumor > 1 mm but < 5 mm in greatest dimension

Tumor > 5 mm but < 10 mm in greatest dimension

Tumor > 10 mm but < 20 mm in greatest dimension

Tumor > 20 mm but < 50 mm in greatest dimension

Tumor > 50 mm in greatest dimension

Tumor of any size with direct extension to the chest wall and/or to the skin (ulceration or skin nodules)
Extension to chest wall, not including only pectoralis muscle adherence/invasion

Ulceration and/or ipsilateral satellite nodules and/or edema (including peau d’orange) of the skin, which do not meet the
criteria for inflammatory carcinoma

Both T4a and T4b

Inflammatory carcinoma

Clinical
NX

NO

N1

N2

N2a

N2b

N3

N3a
N3b
N3c

Regional lymph nodes (N)

Regional lymph nodes cannot be assessed (eg, previously removed)
No regional lymph node metastasis
Metastasis to movable ipsilateral level I, IT axillary lymph node(s)

Metastases in ipsilateral level I, IT axillary lymph nodes that are clinically fixed or matted or in clinically detected* ipsilateral
internal mammary nodes in the absence of clinically evident axillary lymph node metastasis

Metastases in ipsilateral level I, IT axillary lymph nodes fixed to one another (matted) or to other structures

Metastases only in clinically detected* ipsilateral internal mammary nodes and in the absence of clinically evident level I, IT
axillary lymph node metastases

Metastases in ipsilateral infraclavicular (level IIT axillary) lymph node(s), with or without level I, II axillary node involvement,
or in clinically detected * ipsilateral internal mammary lymph node(s) and in the presence of clinically evident level I, IT axillary
lymph node metastasis; or metastasis in ipsilateral supraclavicular lymph node(s), with or without axillary or internal
mammary lymph node involvement

Metastasis in ipsilateral infraclavicular lymph node(s)
Metastasis in ipsilateral internal mammary lymph node(s) and axillary lymph node(s)

Metastasis in ipsilateral supraclavicular lymph node(s)

*"'Clinically detected" is defined as detected by imaging studies (excluding lymphoscintigraphy) or by clinical examination and having
characteristics highly suspicious for malignancy or a presumed pathologic macrometastasis on the basis of fine-needle aspiration (FNA)
biopsy with cytologic examination.

pNX

pNO

PNO(i-)

Pathologic (pN)*

Regional lymph nodes cannot be assessed (for example, previously removed, or not removed for pathologic study)

No regional lymph node metastasis identified histologically. Noze: Isolated tumor cell clusters (ITCs) are defined as small
clusters of cells < 0.2 mm, or single tumor cells, or a cluster of < 200 cells in a single histologic cross-section; I'TCs may be
detected by routine histology or by immunohistochemical (IHC) methods; nodes containing only I'TCs are excluded from
the total positive node count for purposes of N classification but should be included in the total number of nodes evaluated

No regional lymph node metastases histologically, negative IHC
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pNO(i+)
PpNO(mol-)
pNO(mol+)
pN1

pN1mi
pNla

pN1b

pNlc

pPN2

pN2a
pN2b

pN3

pN3a

pN3b

pN3c

Malignant cells in regional lymph node(s) < 0.2 mm (detected by hematoxylin-eosin [H&E] stain or IHC, including I'TC)

No regional lymph node metastases histologically, negative molecular findings (reverse transcriptase polymerase chain
reaction [RT-PCR])

Positive molecular findings (RT-PCR) but no regional lymph node metastases detected by histology or IHC

Micrometastases; or metastases in 1-3 axillary lymph nodes and/or in internal mammary nodes, with metastases detected by
sentinel lymph node biopsy but not clinically detectedt

Micrometastases (> 0.2 mm and/or > 200 cells, but none > 2.0 mm)
Metastases in 1-3 axillary lymph nodes (at least 1 metastasis > 2.0 mm)

Metastases in internal mammary nodes, with micrometastases or macrometastases detected by sentinel lymph node biopsy
but not clinically detectedf

Metastases in 1-3 axillary lymph nodes and in internal mammary lymph nodes, with micrometastases or macrometastases
detected by sentinel lymph node biopsy but not clinically detectedt

Metastases in 4-9 axillary lymph nodes or in clinically detected} internal mammary lymph nodes in the absence of axillary
lymph node metastases

Metastases in 4-9 axillary lymph nodes (at least 1 tumor deposit > 2.0 mm)
Metastases in clinically detectedf internal mammary lymph nodes in the absence of axillary lymph node metastases

Metastases in = 10 axillary lymph nodes; or in infraclavicular (level IIT axillary) lymph nodes; or in clinically detecteds:
ipsilateral internal mammary lymph nodes in the presence of 2 1 positive level I, II axillary lymph nodes; or in > 3 axillary
lymph nodes and in internal mammary lymph nodes, with micrometastases or macrometastases detected by sentinel lymph
node biopsy but not clinically detectedt; or in ipsilateral supraclavicular lymph nodes

Metastases in = 10 axillary lymph nodes (at least 1 tumor deposit > 2.0 mm); or metastases to the infraclavicular (level IIT
axillary lymph) nodes

Metastases in clinically detected ipsilateral internal mammary lymph nodes in the presence of = 1 positive axillary lymph
nodes; or in > 3 axillary lymph nodes and in internal mammary lymph nodes, with micrometastases or macrometastases
detected by sentinel lymph node biopsy but not clinically detectedt

Metastases in ipsilateral supraclavicular lymph nodes

*Classification is based on axillary lymph node dissection, with or without sentinel lymph node biopsy. Classification based solely on
sentinel lymph node biopsy without subsequent axillary lymph node dissection is designated (sn) for "sentinel node"—for example, pNO

(sn).

T "Not clinic:
examination.

ally detected" is defined as not detected by imaging studies (excluding lymphoscintigraphy) or not detected by clinical

1 "Clinically detected” is defined as detected by imaging studies (excluding lymphoscintigraphy) or by clinical examination and having
characteristics highly suspicious for malignancy or a presumed pathologic macrometastasis on the basis of FNA biopsy with cytologic

examination.

Distant metastasis (M)

MO No clinical or radiographic evidence of distant metastasis
No clinical or radiographic evidence of distant metastases, but deposits of moleculatly or microscopically detected tumor

cMO(i+) cells in circulating blood, bone marrow, or other nonregional nodal tissue that are no larger than 0.2 mm in a patient without
symptoms or signs of metastases

M1 Distant detectable metastases as determined by classic clinical and radiographic means and/or histologically proven > 0.2
mm

Stage T N M

0 Tis NO MO

IA T1 NO MO

1B TO Nlmi MO
T1 Nlmi MO

IIA TO N1 MO
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1B

IIIA

1IIB

1IIC

v

T1
T2
T2
T3
TO
T1
T2
T3
T3
T4
T4
T4

Any

Any

N1
NO
N1
NO
N2
N2
N2
N1
N2
NO
N1
N2

N3

Any

MO
MO
MO
MO
MO
MO
MO
MO
MO
MO
MO
MO

MO

M1
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Early Effects of Adjuvant Breast Cancer Radiotherapy
on Right Ventricular Systolic and Diastolic Function
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PIRKKO-LIISA KELLOKUMPU-LEHTINEN? and PEKKA RAATIKAINEN*

"Heart Center Co., Tampere University Hospital and School of Medicine,
University of Tampere, Tampere, Finland;
’Department of Oncology, Tampere University Hospital and School of Medicine,
University of Tampere, Tampere, Finland;
3Science Center Pirkanmaa Hospital District and School of Health Sciences,
University of Tampere, Tampere, Finland;
“Department of Medicine, Central Finland Health Care District and
University of Eastern Finland, Jyviskyld, Finland

Abstract. Aim: Reduced right ventricular (RV) systolic
function correlates with poor prognosis in several heart
diseases. The aim of this prospective single-Center study was to
investigate whether conformal three-dimensional (3D) breast
cancer radiotherapy impairs RV function. Patients and
Methods: Forty-nine patients with early-stage left-sided breast
cancer underwent comprehensive two-dimensional (2D)
echocardiography before and after radiotherapy. RV function
was evaluated with tricuspid annular plane systolic excursion
(TAPSE), pulsed tissue Doppler peak velocity at the lateral RV
wall (S’) and RV and venous flow analysis. Results:
Radiotherapy reduced TAPSE from 24.5+4.0 mm to 22 4+3.9
mm (p<0.001), S’ from 12.7+3.1 m/s to 12.242.7 m/s (p=0.11)
and pulmonary flow velocity time integral (VTI) from 16.6+3.1
cm to 15.942.3 cm (p=0.07), respectively. These changes were
unrelated to changes in LV function. Conclusion: Modern
radiotherapy reduced RV systolic function. As a readily-
available and sensitive measurement, TAPSE is as a practical
tool for detection of radiotherapy-induced cardiac changes.

Breast cancer is the most common cancer in women (1).
Improved diagnostics and adjuvant therapies have increased
breast cancer survival rates (2). On the other hand, cardiac
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exposure from adjuvant radiotherapy (RT) has been shown
to cause adverse cardiovascular effects. The late sequel
includes left ventricular (LV) dysfunction, valvular heart
disease and coronary artery disease (3-6). It is important for
cardiologists and oncologists to recognize these adverse
effects and find means to limit late co-morbidities.

Several investigators have demonstrated that the reduction
of right ventricular (RV) systolic performance correlates with
poor prognosis across a broad spectrum of diseases (7-9).
Despite the important prognostic role of RV function, no
prior study has systematically evaluated the effects of breast
cancer RT on RV function. The aim of this prospective
single-Center study was to investigate whether modern
conformal three-dimensional (3D) breast cancer RT impairs
RV systolic and diastolic function in the early phase.

Patients and Methods

Patient selection. Forty-nine eligible female patients with an early
left-sided breast cancer who received postoperative adjuvant
conformal RT without concomitant chemotherapy were included in
this single-Center, prospective study. The study was conducted from
July 2011 to February 2013. The exclusion criteria were age under
18 years or over 80 years, other malignancy, pregnancy or breast
feeding, acute myocardial infarction within 6 months, symptomatic
heart failure (NYHA 3-4), dialysis, permanent anti-coagulation and
severe psychiatric disorder. To optimize echocardiography image
quality, patients with atrial fibrillation, left bundle branch block
(LBBB), pacemaker therapy and severe lung disease were excluded.
The institutional board of ethics approved the protocol and all
participants signed informed consent before enrollment in the study.

Radiotherapy. All patients underwent 3D computer tomography
(CT)-based treatment planning (Philips Big Bore CT; Philips
Medical Systems, Madison, WI, USA) in a supine position on a
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Table 1. Radiation doses to the different cardiac structures (N=49)*

Mean+SD Gy* Max+SD Gy#

Whole heart 3.27+1.53 46.17+9.09
Left ventricle 541+3.03 44442952
LAD 20.35+10.63 41.87+13.15
Right ventricle 3.03+2.03 32.06+15.57
Free wall of right ventricle 6.09+4.74 31.91+15.62
Ipsilateral pulmonary dose 8.03+2.01 50.65+5.14

Gy, Grey; LAD, region of the heart perfused by left anterior descending
coronary artery; SD, standard deviation. “The radiation doses are
derived from three-dimensional (3D) computed tomography (CT)
planning pictures by manual tracing. "The average dose to the appointed
volume. ¥The maximum point dose to the appointed volume.

breast board with 3 mm thick slices. The breath-hold technique was
not used. Treatment planning and contouring were performed with
an Eclipse v.10 system (Varian Medical Systems, Palo Alto, CA,
USA). Heart contouring was performed by the same oncologist
(TS). Treatment doses were either 50 Gy in 2 Gy fractions
(standard) or 42.56 Gy in 2.66 Gy fractions (hypofractionated)
according to the local guidelines. An additional boost of 16 Gy in 2
Gy fractions to the tumor bed was used if clinically indicated. Doses
were calculated using the anisotropic analytical algorithm (AAA)
(Figure 1) and dose-volume histograms (DVHs) for different
structures were generated for each patient (Table I). The average
treatment time was 36+10 days (20-70 days).

Echocardiographic examinations. A comprehensive
echocardiography and electrocardiography (ECG) were performed
at baseline and at the end of RT (1.0+2.8 days from the last
radiation dose). All examinations were performed with the same
cardiac ultrasound machine (Philips iE33; Philips, Bothell, WA,
USA) and a 1-5 MHz matrix-array X5-1 transducer by the same
cardiologist (SST). The interval between the baseline and control
studies was 41+11 days. All images were acquired at rest with a
simultaneous superimposed ECG. Subcostal imaging was
performed in a supine position and other imaging was performed
with the patient in the left lateral decubitus position. Doppler
recordings were acquired at the end expiration during shallow
breathing. Raw data were stored digitally for offline analysis with
the Qlab software (Philips). RV systolic performance was
measured in an apical four chamber view. Care was taken to
identify the true apex and optimize the depth and the sector width
of the image. Tricuspid annular plane systolic excursion (TAPSE)
was measured with the M-mode cursor placed between the
junction of the tricuspid valve and the RV lateral free wall
annulus as total displacement of the tricuspid annulus from end-
diastole to end-systole. Pulsed tissue Doppler was acquired from
a point 1-1.5 cm apical from lateral tricuspid annulus (Figure 2).
A 12-lead ECG was recorded at each visit.

Statistical analysis. Means and standard deviations were given for
normally-distributed variables and medians and ranges for
continuous variables with skewed distributions. Differences between
measurements were tested by the paired samples #-test or by the
Wilcoxon signed-rank test. The Spearman correlation was used to
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Table II. Baseline characteristics of the study cohort (N=49).

Variable Mean+SD
Age (years) 6316
Systolic blood pressure (mmHg)* 14519
Diastolic blood pressure (mmHg) 80+12
Height (cm) 164+6
Weight (kg) 73£13
Body mass index (kg/m2) 27+4
Body surface area (m2) 1.80+0.17
N (%)
Smoking
Previous 5 (10%)
Current 8 (16%)
Prior diagnosis®
Hypertonia 17 (35%)
Diabetes mellitus 2 (4%)
Hypercholesterolemia 8 (16%)
Hypothyreosis 5 (10%)
Atherosclerosis 2 (4%)
Significant valvular abnormality 2 (4%)
Medical treatment
Beta blocker 6 (12%)
Calcium channel blocker 2 (4%)
ACE inhibitors/ARBs 10 (20%)
Diuretics 5 (10%)
Thyroxin 5 (10%)
Nitrates 1 2%)
Aspirin 3 (6%)
Statin 7 (14%)
Oral diabetes medication 2 (4%)

ACE, Angiotensin-converting enzyme; ARB, angiotensin II blocker.
“Measured at first visit. TDefined as medication requiring disease state.
The values are presented either as the mean+SD (standard deviation) or
the number of cases and percentage in the present study population.

test the linear associations between variables. The associations
between TAPSE and other variables were analyzed by the
independent samples Mann-Whitney U test (continuous variables)
or by the Fisher’s exact test (categorical variables). All tests were
two-sided and p values <0.05 were considered statistically
significant. Statistical analyses were performed using the IBM SPSS
(IBM Corp. Released 2010. IBM SPSS Statistics for Windows,
Version 19.0. Armonk, NY: IBM Corp.) statistical software package
(http://www-01.ibm.com/software/analytics/spss/).

Results

General characteristics. The baseline characteristics of the
patients are presented in Table II. The mean age of the
population was 63 (range=49-79) years. The most common
underlying diseases included hypertension (35%), hyperchole-
sterolemia (16%), hypothyreosis (10%) and diabetes (4%).
Twenty-two percent of the patients had no other diseases.
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Figure 1. Three-dimensional (3D) computed tomography (CT) treatment planning. Target volume is planned to cover remaining breast tissue. The
dark area shows sites achieving more than 10 Grays with highest dose in the apex. Manually depicted heart contouring is also shown for the whole

heart, left ventricle, right ventricle, right ventricle’s free wall.

RV echocardiographic measurements. RT caused significant
changes in RV systolic function (Table III). TAPSE declined in
67% of the patients. The average reduction was 2.1+3.2 mm
(»<0.001). A decrease of 4 mm or more was observed in 39%
of the patients. There was no correlation between these
changes and the cardiac or pulmonary radiation dose,
smoking, ECG changes, body mass index (BMI) or underlying
disease, other than hypothyreosis. The use of thyroxin
(»=0.03) and diuretics (p=0.03) were associated with smaller
TAPSE reduction. Likewise, the use of angiotensin-converting
enzyme inhibitors (ACEIs) or angiotensin II receptor blockers
(ARBs) tended to protect against TAPSE decline (p=0.06).
The reduction in TAPSE was 1.0+4.0 mm and 2.4+3.0 mm
(p=0.22) among patients using and not using ACEIs/ARBs,
respectively.

In keeping with the reduction of TAPSE, the other RV systolic
parameters showed a declining tendency, although statistical
significance was not reached. S’ declined from 12.7+3.1 to
12.2+2.7 (p=0.11) and pulmonary flow VTI decreased from
16.6+£3.1 to 15.9+£2.3 (p=0.07). Isovolumetric velocity (IVV)
(»p=0.82) and acceleration of the IVV did not change (p=0.43)
(Table IIT). Neither TAPSE nor any other RV systolic parameter
was related to LV systolic or diastolic changes.

The changes in the RV diastolic parameters were less
obvious than the systolic parameters. The maximal diameter
of the inferior vena cava was 15.7+4.1 mm at baseline and
14.8+3.5 mm after RT (p=0.12). Its respiratory variability
remained unchanged. There were no significant changes in
the tricuspid Ea and Ee’ ratio, whereas the tricuspid inflow E
wave showed a slight (48.5+£8.5 cm/s vs. 45.6+8.4 cm/s) but
not statistically significant reduction (p=0.10) (Table III).

Minor tricuspid and pulmonary regurgitation were
observed in 94% and 69% of the patients, respectively. The
regurgitation was hemodynamically insignificant in all
patients and no patient had stenosis in the right-sided heart
valves. There were no changes in tricuspid or pulmonary
valve status between baseline and control examinations.

LV echocardiographic measurements. At baseline, LV
dimensions and function were compatible with patient’s age
and underlying disease profile in all participants. RT had no
significant effect on LV systolic or diastolic function.
However, both the interventricular septum (10.0+1.2 mm vs.
10.3+1.3 mm, p=0.02) and the posterior wall (9.7+1.0 mm
vs. 10.3£1.2 mm, p=0.01) were slightly thicker after RT than
at baseline (Table IV).
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Table III. Echocardiographic measurements of the right ventricle (N=49).

Baseline Measurement after radiotherapy p-Value
Mean+SD Median (range) Mean+SD Median (range)

RV basal dimension (mm) 33755 33.0 (24.0-44.0) 333445 33.1 (22.1-44.4) 0.513
TAPSE (mm) 24.5+4.0 24 (16-33) 22.4+39 22 (16-33) <0.001
S’ (cm/s) 12.7+3.1 12.1 (8.9-22.2) 12.2+2.7 11.5 (8.9-20.7) 0.114
IVV (cm/s) 13.0+4.8 12.4 (4.9-29.3) 12.6+3.8 12.4 (4.6-21.9) 0.828
IVA (cm/s2) 2.8+1.0 2.7 (1.0-5.1) 2.7+0.9 2.6 (1.3-5.1) 0.439
Pulmonary peak flow velocity (cm/s) 69.6x14.3 71.0 (46-101) 67.6x11.5 67.4 (47-92) 0.382
Pulmonary flow at (ms) 149.4+33.0 145 (71-239) 147.4+29.3 146 (85-204) 0.668
Pulmonary flow VTI (cm) 16.6+3.1 16.6 (10.9-24.4) 159+2.3 15.8 (11.5-22.4) 0.071
Tricuspid gradient (mmHg)”* 21.6+£5.8 22 (8-34; n=42) 21.2+5.0 22 (8-32; n=39) 0.430
Tricuspid inflow E velocity (cm/s) 48.5+8.7 48.3 (32.6-66.6) 45.6+8.4 45.2 (24.9-68.9) 0.096
Tricuspid inflow a velocity (cm/s) 38.3+8.0 37 (22.7-61.7) 37.5+8.0 37.6 (22.8-61.7) 0.547
Tricuspid inflow dt (ms) 236+73 235 (132-444) 257.5+65,8 252 (140-454) 0212
Tricuspid Ea ratio 1.30+0.24 1.26 (0.88-1.85) 1.24+0.23 1.26 (0.75-1.81) 0.281
Tricuspid Ee’ ratio 42+1.1 4.1 (2.5-7.3) 43+14 4.1 (2.1-8.0) 0.406
IVC maximal diameter (mm) 15.7+4.1 159 (1.6-25.9) 14.8+3.5 14.8 (8.8-22.5) 0.119
IVC respiration variability (%) 62.8+15.2 60.2 (30.6-97.7) 63.8+15.5 62.8 (28.2-92.2) 0.670
Hepatic vein flow SD ratio* 1.53+0.46 1.55 (0.9-2.8; n=36) 1.62+0.46 1.50 (0.7-3.9; n=35) 0.318

RV, Right ventricle; TAPSE, tricuspid annular plane systolic excursion; S’ and IVV, systolic and isovolumetric velocity of pulsed tissue Doppler
derived from the lateral basal RV free wall; IVA, acceleration of the IVV; at, acceleration time; VTI, velocity time integral; dt, declaration time; Ee’
ratio, ratio between tricuspid inflow E-velocity and pulsed Doppler e’ velocity derived from the RV basal free wall; IVC, inferior vena cava;
Mean+SD, meanzstandard deviation. “Measurable in 83%. fInferior vena cava respiration variability tested with sniffing. ¥Hepatic vena flow SD ratio
calculated as the ratio between the maximal velocities of systolic and diastolic components.

Six patients had moderate valvular abnormalities at the
baseline echocardiography examination. Two of them had
been diagnosed before (one with stenosis in aortic
bioprosthesis and one with moderate mitral regurgitation)
and 4 had a new diagnosis (one with moderate aortic
stenosis, two with moderate mitral regurgitation and one
with mild aortic regurgitation). There were no changes in
aortic or mitral valve status between the baseline and
control examinations.

ECG. Patients had sinus rhythm, narrow QRS complex and
normal PQ and QT time in all ECG recordings. There were
no signs of right atrial or ventricular abnormalities in any
recordings. RT caused moderate T-wave alterations in 16
patients (33%). These changes did not correlate to the change
in TAPSE.

Discussion

We demonstrated that RV systolic function was reduced in
the early phase after modern conformal 3D left-sided
breast cancer RT, despite a lack of changes in LV function.
This novel finding indicates that measurement of RV
function is a sensitive indicator of radiation-induced
myocardial injury and an attractive tool for the follow-up
of patients after RT.
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RV function after RT. RV wall is thinner than the LV wall.
Therefore, tissue swelling, reduced contractility and diastolic
changes can be detected earlier in the RV than in the LV. In
the current study, RT did not cause any significant changes in
LV systolic or diastolic function, whereas the average decline
in TAPSE was 2.1+3.2 mm and declined by 4 mm or more in
39% of the patients. The same tendency was found in the
other RV systolic parameters. The changes in RV function
were not accompanied by any significant changes in
echocardiographic measures of pulmonary function and
resistance. Moreover, there was no correlation between
TAPSE decline and pulmonary radiation dose.

TAPSE and S’ are measurements of RV longitudinal
function, whereas IVV and VTI reflect rotational
contractility and global RV function, respectively.
Longitudinal contractility is the main determinant of RV
systolic function (10, 11). The basal circumferential muscle
fibers shared by the right and left ventricles initiate systolic
contraction and cause rotational contraction (12). In elderly
subjects and in diseases that overload the RV, the rotational
contractility increases proportionally as the longitudinal
contractility is reduced (14) and rotational contractility is
increased (12-15). In our patients, the reductions in TAPSE,
S’ and pulmonary VTI were not accompanied by a
compensatory increase in IVV. This indicates that TAPSE-
alone may underestimate the RT-induced RV damage.
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Figure 2. Measurements of tricuspid annular plane systolic excursion (TAPSE) and pulsed tissue Doppler velocities at the lateral RV wall. A: Focused
RV image with cursor placed in the junction of RV lateral wall and tricuspid annulus. B: TAPSE measurement with M-mode. C: Measurements of
peak systolic velocity (S’), peak E’ velocity and peak A’ velocity, respectively. D: Measurements of IVV and IVA.

Mechanism of the changes in RV function. The inflammatory
reaction due to RT begins within hours (16, 17). The second
or latent stage of radiation injury is characterized by reduced
capillary density (17, 18). The complex fibrotic cascade is
initiated as early as 2 weeks after the onset of RT (17, 19)
and the earliest evidence of increased myocardial fibrosis has
been observed within 40 days after a single radiation dose
(16). Since our patients were exposed to RT for 4-5 weeks,
all these mechanisms may contribute to the observed
changes. Whether thyroxin or ACEI/ATR medication protects
the RV from radiation-induced adverse effects remains to be
established in larger clinical studies.

Limitations. Our study population was uniform in many
ways, which reduced the confounding effects but also made
extrapolation of the results to other groups difficult. Due to
the small number of patients, a reliable multivariate analysis
of related factors was not possible. Time-consuming
magnetic resonance imaging and sophisticated 3D

echocardiographic measurements were not used because the
main idea was to determine whether the change in RV
function could be measured with the tools we use in
everyday practice.

Clinical implications of RV functional changes. The most
important implication of this study was that the modern 3D
conformal RT caused prominent changes in RV function in
most of our patients. On the basis of the results of previous
studies (3, 4), these changes may progress over time and
clinically significant cardiac adverse events may emerge
during long-term follow-up. These findings support the
consensus statement recommending a comprehensive cardiac
evaluation and a long-term follow-up of patients after breast
cancer RT (20). According to our data, TAPSE is a more
sensitive tool for the detection of the radiation-induced early
myocardial deterioration than conventional LV measurements.

The result of this and prior studies imply that even small
radiation doses may induce myocardial changes (21). In the
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Table IV. Echocardiographic measurements of the left ventricle.

Baseline Measurement after radiotherapy p-Value
Mean+SD Median (Range) Mean+SD Median (Range)

LVEDD (mm) 45.4+4.1 45 (34.8-57.1) 44.7+4.1 45.2 (35.0-53.1) 0.084
LVESD (mm) 30.3+34 30.6 (18.9-40.0) 30.1£3.8 30.7 (19.0-36.7) 0.983
IVS (mm) 10.0+1.2 10.0 (8.0-12.8) 10.3+1.3 10.0 (8.0-13.0) 0.020
PW (mm) 9.7+1.0 10.0 (7.3-11.3) 10.3+1.2 10.0 (7.3-13.0) 0.011
LVEF (%) 62.2+5.0 62 (52-78) 61.5+£5.2 62 (52-73) 0.473
Mitral inflow E (cm/s) 7012 70 (47-102) 68+13 66 (39-109) 0.138
Mitral inflow a (cm/s) 77£19 74 (38-121) 7514 77 (46-109) 0.128
Mitral inflow Ea-ratio 0.95+0.26 0.93 (0.56-1.78) 0.94+0.26 0.86 (0.59-1.67) 0.792
IVRT 10426 103 (58-187) 109+21 106 (77-155) 0.283
Ee’ ratio 9.0+2.6 8.7 (5.7-16.7) 8.8+2.1 8.5 (5.7-16.6) 0.554
LAVI (ml/m2) 32.2+8.8 32.2 (16.7-56.3) 31.9+8.8 31.1 (13.7-53.2) 0.622
Pulmonary vein flow SD ratio 1.3+0.2 1.3 (0.8-1.8) 1.3+0.2 1.3 (0.7-1.8) 0.699

LVEDD, Left ventricular end diastolic diameter; LVESD, left ventricular end systolic diameter; IVS, interventricular septum; PW, posterior wall;
LVEF, left ventricular ejection fraction; IVRT, isovolumetric relaxation time; Ee’ ratio, ratio between mitral inflow E-velocity, and averaged pulsed
Doppler e’ velocity derived from septal, lateral, anterior and inferior walls; LAVI, left atrial volume indexed to the patient’s body surface area;
Pulmonary vein flow SD ratio, ratio between systolic and diastolic peak velocities; Mean+SD, meanzstandard deviation.

present study, the RV systolic function was impaired,
although the mean dose to the RV free wall in our study
group was only 6.09+4.74 Gy. Hence, it is important to use
techniques that reduce cardiac radiation exposure, e.g.
respiratory gating and breath-hold techniques.

Conclusion

Right ventricular systolic function is impaired after breast
cancer adjuvant RT. TAPSE is a sensitive and reliable marker
of early myocardial injury and can be used as a practical tool
to identify patients who would benefit the most from a
longterm follow-up.
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The Concurrent Use of Aromatase Inhibitors and
Radiotherapy Induces Echocardiographic
Changes in Patients with Breast Cancer
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Abstract. Aim: Adjuvant radiotherapy (RT) for left-sided
breast cancer has a negative impact on cardiac health. The
concurrent use of aromatase inhibitors (Als) during RT was
found to increase the anticancer efficacy of radiation in pre-
clinical models. We evaluated whether the acute effects of RT
on cardiac functions are augmented by the concurrent use of
Als. Patients and Methods: Sixty patients with early-stage
left-sided breast cancer underwent a 2D echocardiography,
electrocardiogram and cardiac biomarker measurements
before and after adjuvant breast RT. Data were analyzed in
two groups according to Al use. Results: We observed a
significant (p<0.05) decrease in right ventricular systolic
function during RT in tricuspid annular plane systolic
excursion (TAPSE). TAPSE decreased by 3.0 mm [95%
confidence interval (CI)=1.9-4.1 mm] in the Al group and
1.4 mm (95% CI=0.3-2.4 mm) in the non-Al group. In
addition, left ventricular diastolic function decreased among
patients using Al, as the mitral inflow E-wave decreased 5.8
cm/s (95% CI=1.8-9.7 cm/s) (p=0.006). Conclusion: The
concurrent use of Al during RT for left-sided breast cancer
led to a more pronounced change on right ventricular
systolic function and left ventricular diastolic functions
compared to RT alone.

Postoperative adjuvant radiotherapy (RT) for early-stage
breast cancer has been shown to reduce the local recurrence
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rate and also the risk of death from breast cancer (1).
Conventional RT of 50 Gy in 25 fractions, or hypofractio-
nated regimens, such as 42.56 Gy in 16 fractions, are equally
effective and well-tolerated (2). As patients with early-stage
breast cancer have an excellent cancer-specific prognosis (1),
it has become increasingly important to avoid the long-term
adverse effects of cancer treatments.

Large retrospective trials have demonstrated that adjuvant
RT to the left-sided breast particularly increases cardiovascular
morbidity and cardiovascular death (1, 3). Patients with breast
cancer with pre-existing cardiovascular risk factors, such as
hypertension, coronary artery disease, diabetes, smoking or
obesity, have an increased risk from RT compared to healthy
women (3). RT induces inflammatory tissue responses that
progress to fibrogenesis (4). Consequently, radiation increases
the risk of long-term cardiac side-effects due to fibrotic
alterations in exposed cardiac structures. These changes could
later manifest as constrictive pericarditis, coronary artery
disease, congestive heart failure or valvular dysfunction. These
conditions may eventually lead to either diminished quality of
life or premature death due to RT (3, 5).

Modern three-dimensional (3D) RT planning allows for
improved delineation of cardiac structures and hence heart
protection during RT planning. Furthermore, the
introduction of deep-inspiration breath-hold techniques
reduces the radiation dose to the heart (6). Yet no safe
radiation dose threshold for the heart has been established
(3), and direct radiation of cardiac structures should
therefore be avoided. In animal models, doses as low as
0.2 and 2 Gy have generated cardiac dysfunction and
fibrosis (7).

Adjuvant hormonal treatment for estrogen receptor (ER)-
positive breast cancer functions by suppressing ER activation
in breast cancer cells and other tissues. Aromatase inhibitors
(Als) (e.g. letrozole, anastrozole and exemestane) minimize
the levels of circulating estrogen by suppressing estrogen
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Table 1. Baseline characteristics of patients treated with radiotherapy
for left-sided breast cancer.

All Al users Al non-users p-Value*
(n=60) (n=22) (n=38)
Age (years) 63+6 65+7 62+6 0.16
BMI (kg/m’) 27.2+4.2 29.0+4.7 26.2+3.7 0.01
Hypertension 21 (35%) 9 (41%) 12 (32%) 047
ACE or ARB 14 (23%) 6 (27%) 8 (21%) 0.58
Beta blocker 8 (13%) 5 (23%) 3 (8%) 0.13
Calcium 5 (8%) 3 (14%) 2 (5%) 0.26
channel blocker
CAD 2 (3%) 1 (5%) 1 (3%) 1.0
Statin use 13 (22%) 8 (36%) 5 (13%) 0.05
Diabetes 4 (7T%) 3 (14%) 1 (3%) 0.14
ASA 5 (8%) 3 (14%) 2 (5%) 0.35
Hypothyreosis 8 (13%) 4 (18%) 4 (11%) 0.45
Current smoking 8 (13%) 4 (18%) 4 (11%) 0.45
Tamoxifen use 2 (3%) 0 (0%) 2 (5,3%) 0.53

BMI: Body mass index; ACE: angiotensin-converting enzyme; ARB:
angiotensin II receptor blockers; CAD: coronary artery disease; statin
use: hypercholesterolemia with statin use; diabetes: blood glucose
lowering diabetic medication; ASA: daily low-dose acetylsalicylic acid;
hypothyreosis: continuous thyroid hormone supplementation. *Difference
between aromatase inhibitor users and non-users: Independent samples 7-
test for continuous variables; Chi-squared test for obesity, hypertension
and ACE or ARB use; Fisher’s exact test for other variables.

synthesis from testosterone in adipose tissues and the adrenal
cortex in post-menopausal women. Tamoxifen is primarily a
direct antagonist of ER in breast cancer cells. Tamoxifen also
induces cardioprotective effects, which may be related to its
action as a selective ER modulator in the heart (8). In
comparison to tamoxifen, letrozole was found to increase
cardiac morbidity (9).

The concurrent use of AI and RT has an additive
synergistic antitumor effect against breast cancer cell lines
and in rodents (10, 11). In clinical settings, the combination
is regarded as safe in terms of skin toxicity and fibrosis (12,
13). To the best of our knowledge, early cardiac toxicity
resulting from the combination of Al and RT has not been
prospectively evaluated. Hence, we evaluated the effects of
the concurrent use of Al and RT on right and left ventricular
function by comprehensive echocardiography and analysis of
cardiac biomarkers in patients postoperatively undergoing
adjuvant RT for left-sided breast cancer.

Patients and Methods

This single-Center, prospective, observational clinical study
included 60 eligible female patients with operable early stage left-
sided breast cancer or ductal carcinoma in situ. All patients received
adjuvant conformal 3D RT after local breast tumor resection (n=59)
or mastectomy (n=1) without axillary or supraclavicular lymph node
RT. Patients treated with adjuvant chemotherapy were excluded.
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Table II. Total radiation dose and dose to cardiac structures and
ipsilateral (left) lung of patients treated for left-sided breast cancer. No
statistical difference was observed in radiation doses between the
aromatase inhibitor users versus non-users.

Al users Al non-users
(n=22) (n=38)
Dose
50/2 Gy* 13 (59%) 26 (68%)
10 Gy boost 1 (5%) 0 (0%)
16 Gy boost 2 (9%) 9 (24%)
42.56/2.66 Gyt 9 (41%) 12 (32%)
Structure Mean+SD Mean+SD p-Value
Heart (volume, cm3) 678+108 676+101 0.94
Mean dose (Gy) 3.1x1.4 3.1+1.7 0.86
Max dose (Gy) 4594 45+10.7 0.99
V20 Gy (%) 3.6+2.6 5.849.5 0.29
LV (volume, cm3) 172433 170+34 0.87
Mean dose (Gy) 4.5+2.6 54+32 0.28
Max dose(Gy) 424499 42.8+12.0 0.90
V20 Gy (%) 5.5+5.2 8.4+7.5 0.10
V10 Gy (%) 8.4+6.8 11.4+9.2 0.19
RV (volume, cm3) 8516 86+18 0.88
Mean dose (Gy) 2.7+1.5 3.1+£23 0.48
Max dose (Gy) 30.4+15.6 30.3x17.3 0.97
V20 Gy (%) 1.7+£3.0 2.8+4.6 0.24
V10 Gy (%) 3.6£5.6 5.3+7.1 0.33
RV free wall 16.2+£2.5 16.9+3.2 0.38
(volume, cm3)
Mean dose (Gy) 5.5+4.2 6.2+54 0.60
Max dose (Gy) 30.2+15.6 30.2+17.3 1.00
V20 Gy (%) 6.6+11.7 8.6+12.9 0.55
LAD (volume, cm3) 0.8+0.3 0.7+0.5 0.51
Mean dose (Gy) 18.4+10.6 19.5+11.6 0.72
Max dose (Gy) 38.8+16.0 39.5+14.5 0.86
V40 Gy (%) 17.9+21.5 2724272 0.17
V20 Gy (%) 38.1+£30.4 41.6+29 0.66
Ipsilateral lung
Mean dose (Gy) 7.6£2.2 8.0+1.9 0.51
Max dose ( Gy) 48.7+4 .3 51.0+£5.0 0.07
V30 Gy (%) 10.4+3.7 11.2+£3.7 0.39

Al: Aromatase inhibitor; dose: planned dose to target volume; boost:
additional radiation dose to tumor bed; mean dose: mean radiation dose to
designated structure; max dose: maximal point dose to designated structure;
SD: standard deviation of mean value; V# Gy: volume of designated
structure receiving # Gy radiation dose; LV: left ventricle of heart; RV: right
ventricle of heart; RV free wall: anterior 4 mm-thick free wall of right
ventricle; LAD: left anterior descending artery; “50 Gy total dose in 2 Gy
daily fractions, 5 days a week; t42.56 Gy total dose in 2.66 Gy daily
fractions, 5 days a week.

Other exclusion criteria were age over 80 years, dialysis, recent
acute myocardial infarction, symptomatic heart failure, chronic atrial
fibrillation, pacemaker therapy and severe lung disease. The local
Ethical Committee approved the protocol (ETL R10160), and all
participants signed informed consent before study enrollment. The
study was conducted from June 2011 to May 2013.
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Table III. Mean baseline values and changes in echocardiographic measurements measured before and after radiotherapy for left-sided breast cancer

in aromatase inhibitor (Al) users and non-users.

Al users Non-AlI users

Parameter N Baseline Mean change after p-Value N  Baseline Mean change after ~ p-Value

mean+SD  radiotherapy (95% CI) mean+SD  radiotherapy (95% CI)
LVEDD (mm) 22 45+3 0.18 (-=0.79-1.1) 0.702 38 464 —0.74 (-1.74-0.25) 0.137
LVESD (mm) 22 30+3 0.86 (-0.22-1.94) 0.111 38 31+4 -0.61 (-1.65-0.44) 0.248
IVS (mm) 22 10.6+1.6 0.27 (-0.16-0.71) 0.208 38 9.8+1.2 0.21 (-0.09-0.51) 0.160
PW (mm) 22 10.5+1.4 0.45 (-0.09-1.00) 0.096 38 9.6x1.1 0.45 (0.04-0.86) 0.033
LAVI (ml) 22 31.5+8 1.55 (2.00-5.11) 0.374 38 33.4x8.7 —-1.59 (-3.85-0.66) 0.161
RV (mm) 22 35+5 -0.02 (-1.41-1.36) 0.974 38 34+5 —0.17 (-0.81-0.48) 0.601
RV systolic
TAPSE (mm) 22 24+4 -3.00 (—4.14--1.86) <0.001 38 24+4 —-1.37 (-2.43--0.30) 0.013
RV’s (cm/s) 22 12.7+3.7 —0.02 (-1.41-1.36) 0.974 37 12.1+2.6 —0.17 (-0.81-0.48) 0.601
TF gradient (mmHg) 17 21+6 0.06 (-1.89-1.77) 0.947 29 22+6 —0.45 (-2.56-1.66) 0.666
RV diastolic
HV s:d ratio 14 1.5+0.5 -0.25 (-0.58-0.08) 0.129 20 1.5+0.5 0.17 (-0.16-0.50) 0.297
RV Ee’ratio 21 43+13 0.24 (-0.47-0.96) 0.485 38 4.1x1.1 0.04 (-0.41-0.5) 0.851
LV systolic
EF (%) 22 62+6 0.45 (-2.80-3.71) 0.774 38 62+5 —0.5 (-2.36-1.36) 0.590
LV diastolic
Mitral E (cm/s) 22 75+16.5 =577 (-9.71--1.83) 0.006 38 72.1x134 -2.72 (-6.27-0.84) 0.130
Dt (ms) 22 247+45 1.6 (-14.8-18.1) 0.838 38 226+37 12.8 (-1.0-26.5) 0.068
EA ratio 22 0.93+0.25 —-0.03 (-0.11-0.05) 0.420 38 1.00+0.31 —0.01 (-0.06-0.05) 0.852
IVRT 22 10125 10.1 (-2.9-23.1) 0.121 38 10625 3.6 (-4.1-11.2) 0.355
Ee’ratio 22 10.1+£3.1 -0.47 (-1.52-0.57) 0.359 38 89425 —0.17 (-0.77-0.43) 0.568

N: Number of reliable paired measurements acquired; SD: standard deviation; LVEDD: left ventricular end diastolic diameter; LVESD: Left

ventricular and systolic diameter.

Radiotherapy. All patients underwent 3D computed tomographic
(CT) treatment planning (Philips Big Bore CT, Philips Medical
Systems, Madison, WI, USA; or Toshiba Aquilion LB, Toshiba
Medical System, Tokyo, Japan) on a breast board in supine position
with both arms above the head. Three millimeter-thick CT slices
without intravenous contrast were used. In total, 58 patients were
scanned under free breathing, whereas the remaining two were
scanned and treated under the voluntary deep-inspiration breath-hold
technique as this method was implemented as clinical practice in
our unit from April 2013. In this technique, the breathing cycle was
monitored using the Varian RPM system (Varian Medical Systems,
Palo Alto, CA, USA). Treatment contouring and planning were
performed with the Eclipse v.10 system (Varian Medical Systems).
Planning target volume (PTV) covered the remaining breast tissue in
59 patients and the chest wall in one patient (mastectomy) with
sufficient margins to account for inter- and intrafraction movements
(5-8 mm in our unit).

The heart, right ventricle (RV), left ventricle (LV) and left
anterior descending artery (LAD) were contoured from the
treatment planning CT scans as suggested by Feng et al. (14).
Additionally, the anterior free wall of the RV was contoured with
an estimated wall thickness of 4 mm derived from echocardio-
graphic examinations. All cardiac structures were contoured by the
same radiation oncologist (TKS).

The radiation dose was either 50 Gy in 2-Gy fractions over five
weeks with or without an additional boost (10-16 Gy, 5-8 fractions)
to the tumor bed, or 42.56 Gy in 2.66 Gy fractions (hypo-
fractionation) over 3.5 weeks according to local guidelines (for

hypofractionation: grade I or 2 tumors with margins over 5 mm, age
>50 years and tangential breast length <25 cm). Tangential photon
fields were used for 59 patients, and the chest wall of one
mastectomy patient was treated with electron beams. Doses were
calculated using an Anisotropic Analytical Algorithm for photons
and Generalized Gaussian Pencil Beam for electrons. Dose-volume
histograms of various structures were generated for each patient. To
account for the different dosing schedules, an a/f-ratio of 3 was
used for the heart and lung to calculate 2 Gy equivalent doses.

Aromatase inhibitors. Aromatase inhibitors were prescribed to
postmenopausal patients if indicated by the breast cancer stage and
biology. Local breast cancer treatment guidelines were used in this
adjuvant hormonal therapy decision. Two different orally
administered Als were used in this study population. Letrozole
(various manufacturers) was administered at a daily dose of 2.5 mg.
Exemestane (various manufacturers) dose was 25 mg once daily. Al
therapy was initiated at the beginning of RT.

Cardiac biomarker and estradiol analysis. Markers for cardiac
myocyte injury, namely high sensitivity cardiac troponin T
(detection limit 5 ng/l), and N-terminal pro-brain natriuretic peptide
(ng/l, BNP) were analyzed in serum samples taken before, at the
third week and end of RT. Total cholesterol levels (mmol/l) were
measured at baseline and the end of RT under fasting conditions.
Estradiol levels (pmol/l) were analyzed with liquid chromatography-
tandem mass spectrometry (LC-MS/MS from the samples obtained
at the completion of RT.
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Figure 1. Measurement of tricuspid annular plane systolic excursion
(TAPSE). TAPSE was acquired with the M-Mode cursor placed between
the junction of the tricuspid valve and the lateral free wall annulus of
the right ventricle. TAPSE was measured as total displacement of the
tricuspid annulus from end-diastole to end-systole (straight line).

Echocardiographic examinations. A comprehensive echocardio-
graphy study and echocardiogram (ECG) were performed at
baseline and completion of RT. All echocardiography
examinations were performed with a commercially available
ultrasound machine (Philips iE33 ultrasound system; Philips,
Bothell, WA, USA) and a 1-5 MHz matrix-array X5-1 transducer
by the same cardiologist (ST) certified by the European
Association of Echocardiography for adult transthoracic echo-
cardiography. All images were acquired at rest. Sub-costal
imaging was performed in the supine position, whereas additional
imaging was performed with the patient in the lateral decubitus
position with simultaneous superimposed ECG. Doppler
recordings were acquired at the end of expiration during shallow
breathing. Images were stored digitally for offline analysis using
analysis software (Excelera; Philips, Koninklijke, Netherlands,
Qlab, Philips, Bothell, WA, USA). Echocardiographic
measurements were performed in a standardized manner
according to the European guidelines (15).

Statistical analysis. Data are presented as the percentages or
means+standard deviations. Non-normal variables are described as
medians (with inter-quartile range). The within-group changes from
baseline to the end of RT were analyzed using the paired samples #-
test. The Wilcoxon signed-ranks test was used for non-normal
variables. The differences between groups at the end of RT were
estimated using analysis of covariance (ANCOVA), where the
baseline measurement was included as a covariate. The Mann-
Whitney U-test for independent samples was used for non-normal
variables. The Chi-squared test was used for categorical variables,
and the Fisher's exact test was used if the Chi-squared test was not
appropriate. All the tests are two-sided, and a p-value of less than
0.05 was considered statistically significant. Analysis was performed
using IBM SPSS Statistics for Windows (version 21.0; IBM Corp.,
Armonk, NY, USA).
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Results

General characteristics. The baseline characteristics of the
patients divided into two groups according to the use of Al
are presented in Table I. The body mass index was 2.8 kg/m?
higher in the Al users compared with the non-users (p=0.01).
Statin use was more common in the Al users (p=0.05). No
statistically significant differences in other baseline
characteristics were recorded.

Cardiac RT doses. Radiation doses to various cardiac structures
and the lungs were not significantly different between the
groups (Table II). The mean doses to the heart were 3.1+1.4 vs.
3.1+1.7 Gy (p=0.86), left ventricle 4.5£2.6 vs. 54+3.2 Gy
(p=0.28), right ventricle 2.7+1.5 vs. 3.1+2.3 Gy (p=0.53) and
left anterior descending coronary artery (LAD) 18.4+10.6 vs.
19.5+11.6 Gy (p=0.72) in AI users and non-users, respectively.

Cardiac biomarkers and estradiol analysis. Paired serum
samples drawn at baseline and at the completion of RT were
evaluable for 20/22 patients in the AI group and 36/38
in the non-Al group. The mean baseline cholesterol was
5.3+1.4 mmol/l and 5.7+0.9 mmol/l in the Al users and non-
users, respectively. No significant changes in cholesterol levels
were observed at the end of RT in either group: 5.4+1.4 mmol/l
in the AI users and 5.7+1.0 mmol/l in the non-users. The
baseline-adjusted difference between the Al users vs. the non-
users was 0.2 mmol/l (95% CI=-0.1 to 0.5, p=0.28).

High sensitivity cardiac troponin T increased during RT
by more than 30% from baseline in 4/20 (20%) patients in
the AI group and 6/36 (17%) in the non-Al group (p=0.73).
However, the absolute measurable troponin levels were low
(<5 to 15 ng/l) in both groups.

BNP did not change significantly during RT; in the Al
users, the median (IQR) BNP level was 100 (53-173) ng/l
at baseline and 83 (54-147) at the end of RT (p=0.96).
Among the non-Al-users, BNP values were 57 (37-102) ng/l
and 72 (35-115) ng/l (p=0.36) at baseline and the end of RT,
respectively. Changes from baseline were not significantly
different between the Al users and non-Al users (p=0.57).

Circulating serum estradiol levels were evaluated for all
patients and measured at the completion of RT i.e. 3-5 weeks
after Al initiation. The estradiol level was significantly
(p=0.004) reduced in the AI users (median=18 pmol/l,
IQR=15-47 pmol/l) compared with the non-Al users
(median=39 pmol/l, IQR=32-57 pmol/l).

Echocardiographic examinations. The most prominent RT-
induced reduction in cardiac functions was observed in
TAPSE (Figure 1). Among the Al users (n=22), this
measurement of RV systolic function was reduced from a
baseline value of 24+4 mm by 3.0 mm (95% CI=1.9-4.1
mm) (p<0.001) (Table II).
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Table IV. The baseline-adjusted means (95% confidence interval=ClI) for basic echocardiographic measurements after radiotherapy for left-sided
breast cancer in aromatase inhibitor users and non-users. The difference between users and non-users was estimated using analysis of covariance

(ANCOVA), where the baseline measurement was included as a covariate.

Al users Al non-users Users vs. non-users

Mean 95% CI Mean 95% CI Mean 95% CI p
Left heart measurements
LVEDD (mm) 453 44.2-46 .4 44.6 43.8-45.5 0.6 -0.81t0 2.0 0.37
LVESD (mm) 31.1 30.0-32.3 30.0 29.1-30.8 1.2 -0.31t02.6 0.12
IVS (mm) 10.4 10.0-10.9 10.3 10.0-10.6 0.2 —0.41t00.7 0.55
PW (mm) 10.6 10.0-11.1 10.3 9.9-10.7 0.2 —0.4t0 0.9 0.47
EF (%) 62.2 60.0-64.4 61.6 59.9-63.2 0.6 —2.1t033 0.65
LAVI (ml/m2) 34.1 31.1-37.2 313 28.9-33.7 2.8 -1.1t06.7 0.16
Mitral inflow E (cm/s) 67.8 63.7-71.9 70.2 67.0-73.3 2.3 -751t02.8 0.37
Dt (ms) 239 223-256 244 231-256 -4 —26 to 17 0.68
EA ratio 0.93 0.87-1.00 0.98 0.93-1.03 -0.04 —0.13 to 0.04 0.30
IVRT (ms) 112 103-121 109 102-115 4 -7to 15 0.51
Ee’ ratio 9.1 8.3-99 9.0 8.4-9.6 0.1 -10to 1.1 0.89
Right heart measurements
RV dimension (mm) 33.7 32.1-353 33.6 32.4-34.8 0.1 -19to 2.1 0.94
TAPSE (mm) 212 20.0-22.4 22.8 21.9-23.7 -1.6 -3.1t0-0.1 0.036
RV’s (cm/s) 12.4 11.4-13.4 12.1 11.3-12.8 0.3 —-09to 1.6 0.59
TR gradient (mmHg) 214 19.4-23.4 21.3 19.8-22.8 0.1 -231t02.6 091
RV Ee’ratio 4.47 3.93-5.01 4.29 3.89-4.70 0.18 —-0.50 to 0.85 0.61

AI: Aromatase inhibitors; LVEDD= left ventricular end diastolic diameter; LVESD: left ventricular end systolic diameter; IVS: interventricular
septum thickness; PW: thickness of left ventricle’s posterior wall; EF: ejection fraction; LAVI: left atrial volume indexed; Mitral inflow E: first peak
of diastole, active filling; Dt: deceleration time during diastole; EA ratio: ratio of diastolic peaks E and A; IVRT: isovolumic relaxation time; Ee’ratio:
ratio of early transmitral flow velocity (E) to early diastolic velocity of the mitral valve annulus (e); RV: right ventricle; TAPSE: tricuspid annular
plane systolic excursion; RV’s: systolic tissue doppler measurement of right ventricle’s free wall; TR gradient: tricuspid regurgitation maximal
gradient; RV Ee’ratio: ratio of early tricuspid inflow to annular diastolic velocity.

In the non-AlI users (n=38), TAPSE was reduced from a
baseline value of 24+4 mm by 1.4 mm (95% CI=0.3-2.4
mm) (p=0.013). The decrease in TAPSE was significantly
greater among the Al users compared with the non-Al users
given that the mean baseline-adjusted difference after RT
between Al-users and non-Al users was —1.6 mm (95%
CI=-3.1 to 0.1, p=0.04) (Table IV).

RT induced no significant changes in LV systolic
function in either group (Table III). In contrast, the LV
diastolic measurements changed among the Al users. At the
end of RT, the mitral inflow E-wave had decreased from
75+16.5 to 69.2+13.5 cm/s (mean decrease 5.77 cm/s, 95%
CI=9.71-1.83 cm/s) (p=0.006) further accompanied by an
increase in isovolumetric relaxation time from 101+25 to
11123 ms (mean=10.1 ms, 95% CI=-2.9-23.1) (p=0.12).
In the non-AIl users, the changes observed were non-
significant in mitral inflow E-wave (from 72.1+13.4 to
69.4+15.1 cm/s) and in isovolumetric relaxation time (from
106+25 to 109+22 ms) (Table II1.).However, after RT, the
baseline-adjusted differences between groups were non-
significant for all LV diastolic variables (Table IV).

ECG. All patients displayed sinus rhythms in the ECG
recordings, with no signs of atrial or ventricular
abnormalities. RT caused moderate T-wave alterations in
6/22 (27%) patients in the Al group and 14/38 (37%) in the
non-Al group (p=0.45).

Discussion

In this study, we demonstrated for the first time that
concurrent use of Als during left-sided adjuvant breast
cancer RT impaired RV systolic and LV diastolic functions
measured with echocardiography greater than RT alone. Our
results represent alterations induced exclusively by RT alone
or the combination of AI and RT, given that all our patients
were chemotherapy naive.

Effect on cardiac functions. TAPSE is a measurement of the
RV’s longitudinal contractibility and a marker of the RV’s
systolic function. Decreases in TAPSE correlate with poorer
survival and worse prognosis in different cardiovascular
diseases (16, 17). In our patients, the concurrent use of Als
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during RT induced a more pronounced decline in TAPSE
than RT alone. Whether this observed change is clinically
relevant and irreversible remains to be seen in further follow-
up of these patients.

Minor functional changes in LV diastolic functions in both
groups were observed and these changes were more
pronounced in the AI group. Mitral inflow E-wave was
significantly reduced in patients using Al and this effect was
accompanied by a non-significant increase in isovolumetric
relaxation time. These functional changes were not
secondary to significant changes in LV hemodynamics as the
left atrial volume indexed and the ratio of early transmitral
velocity to early diastolic velocity of the mitral valve annulus
remained unchanged during RT. No significant changes in
LV systolic function were observed, best represented by the
ejection fraction. It is noteworthy that diastolic dysfunction,
in general, precedes systolic dysfunction and can also cause
cardiac morbidity presented clinically as dyspnea on exertion
and fatigue (18).

Minor myocyte damage was apparent in 17-20% of
patients at the end of RT, as reflected by elevated troponin
values. Al use did not statistically influence this finding in
our patients. BNP secretion, which serves as a marker of
elevated cardiac pressure or overload, did not significantly
change during RT among our patients. However, marked
variation in the baseline BNP levels, which interferes with
the interpretation of changes and differences between groups,
was observed.

Mechanisms of RT-induced cardiac changes. Given that the
mean radiation doses to the hearts of our patients were
relatively low (3.1 Gy), the radiation-induced damage to the
myocardium is thought to be primarily attributed to changes
in the microvasculature (19). Alterations in the micro-
environment begin with initial inflammation and macrophage
activation. These alterations progress to increases in various
cytokines (e.g. transforming growth factor beta, tumor
necrosis factor alpha, interleukin 6) that cause microvessel
clotting within weeks. These effects eventually progress to
decreased microvessel density, fibrinogen formation in vessel
walls and ultimately increased fibrosis in cardiac walls and
valves. This process is reviewed in detail by Stewart (19).

Estrogen, in general, protects premenopausal women from
cardiac diseases. Although large randomized trials, such as
the Women’s Health Initiative (20), have failed to identify
any benefit of estrogen replacement therapy after menopause,
estrogen seems to benefit cardiovascular health in
perimenopausal women (21). In patients with breast cancer,
tamoxifen induces beneficial cardiac effects compared with
letrozole (9). There are no data available concerning the
effects of Al use alone on cardiac functions.

Estrogen levels were significantly reduced in our patients
who were administered AI. Low levels of circulating
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estrogen potentially led to reduced repair of RT-induced
damage in the heart via the ERf3-mediated pathway. ER is
expressed at higher levels than ERa in vascular endothelium
and the heart. Interestingly, ER[} receptor expression in
tissues increases during RT, and this increase may regulate
the healing processes after RT-induced damage (22). Similar
increases in ERP receptors in blood vessels have been
documented after vascular injury (23). Furthermore, ERf}
plays an important role in the renin-angiotensin system
(RAS) in the development of fibrosis. ERP stimulation
decreases the activation of angiotensin II (ATII) receptors,
thereby leading to diminished fibrinogenesis (24). These
findings may partly explain the previously observed synergy
between Al and RT (10, 11).

As alterations in RAS activity play a major role in
radiation injury, angiotensin-converting enzyme (ACE) and
ATII receptor blockers (ARB) were shown to prevent
radiation-induced damage in other tissues, e.g. kidneys (25).
In this study, only 6/22 patients in the Al group and 8/38 in
the non-Al group were administered ACE/ARB as contiguous
medication; thus, no conclusions regarding the potential
benefits of these drugs can be drawn from this study.

Limitations. The two study groups were similar in terms of
breast cancer-specific prognostic factors, age, menopause
status, irradiated area and RT doses to the heart and lungs. In
addition, the baseline echocardiographic measurements and
cardiovascular risk factors did not differ between the groups.
As this was an observational, non-randomized study, the
groups were not equal in size. The women in the AI group
were more obese than those in the non-Al group. Obesity may
lead to alterations in RT response by other metabolic and
hormonal mechanisms. A decrease in estrogen level itself
might also cause alterations in cardiac functions. Furthermore,
these results are primarily applicable to letrozole and cannot
be extrapolated to patients treated with anastrozole or
exemestane (only one patient). Two patients with concurrent
tamoxifen use were included in the non-Al group, and no
conclusions can be drawn about the possible benefits or
detriments of this drug used concomitantly with RT.

Patients with right-sided breast cancer were not included
as a reference group, as the cardiac radiation dose is not null:
In our patients with right-sided breast cancer (n=26), the
average maximum cardiac dose was 5.6+3.4 Gy and the
mean cardiac dose 0.9+1.0 Gy (unpublished data).

Clinical implications. The concurrent use of Als during
adjuvant RT is common in many cancer Centers, based on
previous results (12, 13). Sequential use appears to be as
effective as concurrent use in terms of progression-free
survival (26), however, long-term observational data are
lacking. As patients with early-stage breast cancer have
excellent cancer-specific prognosis, any possible detrimental
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side-effects of cancer treatments must be balanced against
potential benefits. RT-induced cardiac toxicity is a serious
threat and all possible means must be used to reduce this
risk. Newer RT techniques, such as the deep-inspiration
breath-hold technique, significantly reduce the cardiac
radiation dose. Nevertheless, the patient's baseline and other
treatment-derived cardiac risk factors should be considered
during treatment planning.

We observed that even relatively low cardiac RT doses
induced measurable changes in cardiac functions, which can
be detected in conventional 2D echocardiographic exami-
nations at the end of RT. These changes were more pronounced
in patients with concurrent use of Als. A further follow-up of
these patients will clarify whether these acute changes are
reversible or progressive with time.

Conclusion

The concurrent use of Al during RT for left-sided breast cancer
led to a more pronounced change in RV systolic function and
LV diastolic functions compared to RT alone in chemotherapy-
naive women. Whether these early changes in cardiac function
impact the long-term prognosis of the patients remains to be
established. Further follow-up of these patients and additional
studies are warranted to confirm this finding.
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Abstract

Background: Adjuvant radiotherapy (RT) for left-sided breast cancer increases cardiac morbidity and mortality. For
the heart, no safe radiation threshold has been established. Troponin T is a sensitive marker of myocardial damage.
Our aim was to evaluate the effect of left-sided breast cancer RT on serum high sensitivity troponin T (hscTnT) levels
and its association with cardiac radiation doses and echocardiographic parameters.

Methods: A total of 58 patients with an early stage, left-sided breast cancer or ductal carcinoma in situ (DCIS) who
received adjuvant breast RT without prior chemotherapy were included in this prospective, non-randomized studly.

Serum samples were taken before, during and after RT. An increase of hscTnT >30 % was predefined as significant.

A comprehensive 2D echocardiograph and electrocardiogram (ECG) were performed before and after RT. Dose-volume
histograms (DVHs) were generated for different cardiac structures.

Results: The hscTnT increased during RT from baseline in 12/58 patients (21 %). Patients with increased hscTnT values
(group A, N=12) had significantly higher radiation doses for the whole heart (p =0.02) and left ventricle (p = 0.03) than
patients without hscTnT increase (group B, N =46). For the left anterior descending artery (LAD), differences between
groups A and B were found in volumes receiving 15 Gy (p =0.03) and 20 Gy (p = 0.03) Furthermore, after RT, the
interventricular septum thickened (p =0.01), and the deceleration time was prolonged (p = 0.008) more in group
A than in group B.

Conclusions: The increase in hscTnT level during adjuvant RT was positively associated with the cardiac radiation
doses for the whole heart and LV in chemotherapy-naive breast cancer patients. Whether these acute subclinical
changes increase the risk of excessive long-term cardiovascular morbidity or mortality, will be addressed in the
follow-up of our patients.

Keywords: Radiotherapy, Breast cancer, Cardiotoxicity, High sensitivity cardiac troponin T

Background

Postoperative radiotherapy (RT) for breast cancer is an
essential part of adjuvant cancer treatment. RT reduces
the risk of local recurrence by 50 % and the risk of
breast cancer mortality by 16 % [1]. However, left-sided
RT, especially, has been shown to induce excess cardio-
vascular mortality and morbidity [1-4]. In a retrospect-
ive study, Darby et al. showed that the risk of major
cardiac events in patients with left-sided breast cancer
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increased by 7.4 % for each increase of 1 Gy of radiation
to the heart. Furthermore, prior cardiovascular diseases,
such as hypertension, may further increase the risk of
radiation induced cardiac damage [4].

Radiation induced cardiac changes have been demon-
strated with echocardiographic strain rate imaging [5],
myocardial perfusion scintigraphy [6, 7] and single photon
emission tomography [8]. In contrast, no changes in the
left ventricle (LV) systolic function were detected in basic
echocardiographic measurements [5, 7]. Majority of pa-
tients in these studies also received prior or concurrent
chemotherapy [5-8], which is known to be associated with
cardiotoxicity [9, 10]. High sensitivity cardiac troponin T
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(hscTnT) is able to detect minor myocardial damage dur-
ing RT [5, 11]. The mechanism of this acute damage is
thought to evolve from negative changes in the microvas-
culature during RT [12].

In this study, we included only chemotherapy-naive
breast cancer patients to exclude chemotherapy-
induced prior cardiotoxicity. The patients were studied
prospectively using a cardiac biomarkers, comprehen-
sive 2D echocardiography and 12-lead electrocardio-
gram (ECG) before and after adjuvant RT to detect
subclinical cardiac changes. Furthermore, dose volume
histograms (DVHs) for different cardiac structures were
generated and correlated with serum markers and
echocardiographic measurements.

Methods

Patient population

This single centre, prospective, observational clinical study
included 60 eligible female patients with early stage left-
sided breast cancer or DCIS. All patients were treated with
adjuvant conformal 3D RT after breast conserving surgery
(n=59) or mastectomy (n =1) without axillary or supra-
clavicular lymph node RT. Two patients were excluded
from final analysis due to missing serum samples. Patients
with prior adjuvant chemotherapy were excluded. Other
exclusion criteria were age over 80 years, dialysis, recent
acute myocardial infarction, symptomatic heart failure,
chronic atrial fibrillation, pacemaker therapy and severe
lung disease. The local ethical committee approved the
protocol and all participants signed informed consent be-
fore study enrollment. The study was conducted from
June 2011 to May 2013.

Radiation therapy

All patients had 3D computer tomography (CT) treatment
planning with Philips Big Bore CT (Phillips Medical Sys-
tems, Madison, WI, USA) or Toshiba Aquilion LB
(Toshiba Medical System, Tokyo, Japan) on a breast board
in the supine position with their arms above their heads.
CT slices (3 mm thickness) were used without intravenous
contrast. Scanning was performed during free breathing in
56 patients, whereas 2 patients were scanned and treated
using the voluntary deep inspiration breath hold (vDIBH)
technique, which was implemented in our unit in April
2013 as part of clinical practice. In vDIBH, the breathing
cycle was monitored with Varian real time position man-
agement (RPM) system (Varian Medical Systems, Palo
Alto, CA, USA). Treatment contouring and planning were
done with Eclipse v.10 system (Varian Medical Systems,
Palo Alto, CA, USA). Planning target volume (PTV) cov-
ered the remaining breast tissue in 57 patients and the
chest wall in one patient (mastectomy) with sufficient
margins to account for the inter- and intrafraction move-
ments (5-8 mm in our unit).
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Treatment doses were either 50 Gray (Gy) in 2 Gy frac-
tions with or without additional boost (10-16 Gy, 5-8
fractions) to tumor bed or 42.56 Gy in 2.66 Gy fractions
(hypofractionation) over 3.5 weeks. Tangential photon
fields were used in 57 patients and chest wall in one
patient with mastectomy was treated with electron beams.
Doses were calculated with anisotropic analytical algo-
rithm (AAA v.10, Varian Medical Systems, Palo Alto, CA,
USA) for photons and Electron Monte Carlo algorithm
(eMC v.11, Varian Medical Systems, Palo Alto, CA, USA)
for electrons. Dose volume histograms (DVH) of different
structures were generated for each patient. To account for
the different dosing schedules, an a/p-ratio of 3 was used
for heart and lung to calculate 2 Gy equivalent doses.

The heart, LV and LAD were contoured from the
treatment planning CT scans as suggested by Feng et al.
[13]. All cardiac structures were contoured by the same
radiation oncologist (TS).

Serum biomarker analysis
High sensitivity cardiac troponin T (hscTnT, ng/l) and B-
type natriuretic peptide (BNP, ng/l) were analyzed from
serum samples taken before, after two (hypofractionated
RT) or three (conventional RT) weeks of treatment and at
the last day of RT. As the lowest detection limit of hscTnT
was 5 ng/l, the values below this (<5 ng/l) were estimated
to be 4 (lowest detection limit (LOD)/v2) when calculating
the percentage increase from the baseline value [14]. A
predefined increase of >30 % from the baseline was con-
sidered to be clinically important according to the study
protocol. The patients were divided into two groups based
on their hscTnT change: group A with a hscTnT increase
more than 30 % from baseline during RT and group B
without a hscTnT increase.

Total cholesterol levels (mmol/l) were measured at
baseline under fasting conditions.

Echocardiographic examinations

A comprehensive echocardiography study and 12-lead
ECG were performed at the baseline and at the comple-
tion of RT. All echocardiography examinations were per-
formed using the same ultrasound machine (Philips iE33
ultrasound system, Bothell, WA, USA) and a 1-5 MHz
matrix-array X5-1 transducer by the same cardiologist cer-
tified by European Association of Echocardiography for
adult transthoracic echocardiography. All images were
acquired at rest. Subcostal imaging was performed in the
supine position, while other imaging was performed with
the patient in the lateral decubitus position with simultan-
eous superimposed ECG. Doppler recordings were
acquired at the end of expiration during shallow breathing.
Images were stored digitally for use with offline analysis
software (Excelera, Philips, Koninklijke, Netherlands; Qlab,
Philips, Bothell, USA). Echocardiographic measurements
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were performed in a standardized manner according to
the European guidelines [15].

Statistical analysis

Data are expressed as means * standard deviation (SD)
for normally distributed continuous variables and as me-
dians with inter quartile range (IQR) for variables with
non-normal distributions. The study groups were com-
pared using the ¢-test for independent samples or the
Mann—-Whitney U test. Friedman’s analysis of variance
was used for repeated measures of non-normal variables
and the Wilcoxon signed ranks test was used to compare
the hscTnT before RT vs. hscTnT after RT. Categorical
data are expressed as numbers (%) of subjects. The Chi-
squared test was used for categorical variables and the
Fisher’s exact test was used when appropriate. The re-
lated samples Cochran’s Q test was used to study the
change in dichotomous variables measures more than
twice. Area under curve (AUC) was calculated using the
trapezium rule in order to summarize the information
from DVH. All the tests were two-sided and a p value
<0.05 was considered statistically significant. Analysis
was performed using IBM SPSS Statistics for Windows
(version 21.0, Armonk, NY, USA, IBM Corp.).

Results

Baseline characteristics of the patients are presented in
Table 1. The baseline variables (e.g. age, body mass
index, cholesterol and hormonal use) were similar be-
tween the two groups A and B based on the troponin in-
crease. However, in the group A patients tended to have
more hypertension (p =0.31) and less thyroid hormone
supplementation (p = 0.19).

High sensitivity cardiac troponin T

In the whole study population, hscTnT was detectable
(=5 ng/l) in 25 (43 %) patients before RT, in 28 (48 %) at
3 weeks and in 30 (52 %) patients after RT. The serum
samples after RT were taken at the last day of RT (me-
dian 0, range -1 — +3 day).

Median (IQR) hscTnT for the whole study population
was 4 (4—6) ng/l before RT, 4 (4-6) ng/l at 3 weeks and
5 (4-7) ng/l after RT. The difference in hscTnT level be-
fore RT and after RT was not significant for the whole
population (p =0.08). However, hscTnT increased over
30 % from the baseline value in 12/58 (21 %) patients
constituting the group A. In these 12 patients, hscTnT
was detectable in 3 (25 %) before RT, in 9 (75 %) at 2-3
weeks and in 12 (100 %) patients after RT. The median
(IQR) values at these time points were 4 (4—4.5)ng/l, 5.5
(4.5-6)ng/1 and 7 (7-9.5)ng/l, respectively (Fig. 1). In the
hscTnT stable group B (NN =46,) hscTnT was detectable
in 22 (48 %) at the beginning, 19 (41 %) at 2—3 weeks

Page 3 of 8

and 18 (39 %) after RT with median (IQR) values of
4(4-7), 4(4-6) and 4(4-6) ng/l, respectively.

B-type natriuretic peptide

In the whole study population BNP levels were 58 (37—
124), 69 (42—-135) and 74 (34—126) mmol/l before RT, at
2-3 weeks and after RT, respectively (p = 0.72). The BNP
change between the first and the last time point was -5
(=26 to 5) mmol/l in the group A vs. 5 (-14 to 22) mmol/l
in the group B (p = 0.33).

Cardiac doses

The DVH curves for the both groups are presented in
Fig. 2. The AUC for heart and left ventricle was signifi-
cantly higher in the hscTnT-positive group A compared
with group B (p <0.05, Table 2). The same trend was
seen for the LAD (p =0.08). In addition to AUC, some
relevant dose-volume parameters (volume of structure
receiving 5 Gy radiation dose =V5 and similarly V10,
V15, V20 and V30) were separately tested (Fig. 2 and

Table 1 Patient baseline characteristics. Results are presented as
mean + SD for normally distributed continuous variables,
median (inter-quartile range) for non-normal variables and n (%)
for categorical variables

All Group A Group B p-value*
(N=58) (N=12) (N =46)

Age 63+6 65+6 63+7 037
BMI, kg/m? 27+4 2745 27+4 0.76
Hypertension 20 (34 %) 6 (50 %) 14 (30 %) 031
ACE or ARB 14 (24 %) 4 (33 %) 10 (22 %) 046
Beta-blocker 7 (17 %) 3 (25 %) 4(9 %) 0.15
Calcium channel 4 (7 %) 2 (17 %) 2 (4 %) 0.19
blocker

CAD 12 %) 0 (0 %) 12 %) 1.00
Statin use 13 (22 %) 3(25%) 10 (22 %) 1.00
Diabetes 4 (7 %) 1 (8 %) 3 (7 %) 1.00
Hypothyreosis 8 (14 %) 0 (0 %) 8 (17 %) 0.19
Current smoking 8 (14 %) 2 (17 %) 6 (13 %) 0.66
Hormonal therapy 23 (40 %) 4 (33 %) 19 (41 %) 1.00
Al 22 (38 %) 5 (42 %) 17(37 %) 0.75
Tamoxifen 2 (3 %) 0 (0 %) 2 (4 %) 1.00
Troponin T, ng/I 4 (4-6) 4(4-4.5) 4 (4-7)
Cholesterol, mmol/l  56+1.1 55+09 56+1.1 0.90
BNP, ng/I 58 (37-124) 78 (33-123) 58 (41-125) 0.72

BMI body mass index, ACE angiotensin converting enzyme, ARB angiotensin Il
receptor blockers, CAD coronary artery disease, Statin use
hypercholesterolemia with statin use, Diabetes blood glucose lowering diabetic
medication, ASA low dose daily acetylsalicylic acid, Hypothyreosis continuous
thyroid hormone supplementation, Al aromatase inhibitor, BNP b-type
natriuretic peptid

* Independent samples t-test was used for normally distributed variables and
Mann-Whitney U test for non-normal variables; Fisher’s exact test was used for
categorical variables
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Fig. 1 Box plot figures to describe high sensitivity cardiac troponin T (hscTnT) before RT, at weeks 2-3 and after RT in patients with increased
hscTnT release (Group a, N=12) and in patients without hscTnT release (Group b, N =46). Borders of the box represent the upper and lower
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Table 2). In the heart and left ventricle, the difference
between groups was significant in all those Gy points
from 5 to 20 Gy, but in the LAD the difference between
groups was significant only at dose levels of 15 and
20 Gy.

Echocardiographic findings

In group A, the increase in hscTnT was accompanied by
minor changes in the echocardiographic measurements as
presented in Table 3. Measured before and after RT, the
interventricular septum thickened (p = 0.01) accompanied
with a change in LV diastolic function as the deceleration
time increased (p = 0.008) among group A more than in
group B. In other LV diastolic parameters, the mitral E-
peak decreased in both groups. The decrease in the LV
end diastolic and end systolic diameters in the group A
were not statistically significant compared with group B
(p=0.06 and p = 0.11, respectively).

ECG

Normal sinus rhythms were present in all ECG record-
ings with no signs of atrial or ventricular abnormalities.
RT caused moderate T-wave alterations in 3/12 (25 %)
recordings among group A and 13/46 (28 %) among
group B (p =0.82).

Discussion

We demonstrated that high sensitivity cardiac troponin
T levels increased during the whole breast adjuvant RT
in every fifth patient. In addition, the increase in the
hscTnT release associated positively with cardiac radi-
ation doses and with minor changes in LV’s measure-
ments suggesting that RT caused subclinical myocardial
damage.

High sensitivity cardiac TnT release

Cardiac troponin T is a well-established biomarker of
cardiac damage in myocardial infarction due to ischemic
heart disease. Moreover, it can detect cardiac damage in
other clinical conditions such as heart failure [16, 17]
and LV hypertrophy [18, 19]. The hscTnT values in
healthy individuals have varied in different studies. The
99th percentile differed from 12 ng/l [20] to 20 ng/l [21]
and is largely shown to be influenced by patient’s age,
gender and comorbidities [22]. By excluding patients
with underlying cardiac diseases, it is estimated that the
median values (IQR) of hscTnT for women <55 years as
well as <75 years are <3 (<3-<3) ng/l and the upper
normal 99th percentile limit is 3.4 ng/l for women
<55 years and 11.4 ng/l for women <75 years [22]. The
weekly within person variation of hscTnT in healthy in-
dividuals is estimated to be 8 % [23] -32 % [24]. Diurnal
changes in hscTnT are also observed with a decline in
values by 0.8 % per hour from 8:30 to 14:30 [23]. Based
on these results, a relevant increase in hscTnT levels
during RT was predefined to exceed 30 % from individ-
ual baseline in this study. In our patients, the serum
samples at the baseline and at the end of the RT were
taken in the morning within a 2 h maximum time differ-
ence in 55 patients. In the remaining three patients (all
in the group B), the time difference was 2.1, 4 and 5 h.
The hscTnT levels in the group A increased 40 %—325 %
from baseline and, therefore, the change cannot be
explained by normal weekly or diurnal variation.

In cancer patients, elevated troponin T and I levels
have been reported after various chemotherapy regimens
[25-27]. In addition, the elevation of TnT during or
shortly after chemotherapy correlated with long term
negative changes in echocardiography [25, 27]. The
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Fig. 2 Dose volume histogram (DVH) curves for left anterior
descending artery (LAD), heart and left ventricle (LV) in patients
with increased high sensitivity cardiac troponin T (hscTnT) release
(Group A, N=12) and in patients without hscTnT release (Group
B, N=46)

effects of adjuvant breast cancer RT on TnT levels were
not detected in earlier studies with less sensitive tropo-
nin methods [28, 29]. In a study by Nellessen et al. [11],
thoracic RT for breast or lung cancer in 23 patients in-
creased troponin levels measured during and at the end
of RT. It is, however, noteworthy that the majority (16/
23) of these patients had received prior chemotherapy.
Our patients were, as described earlier, previously un-
treated by chemotherapy. Therefore, these observed
changes represent the radiation induced damage to myo-
cardium. The RT-induced harmful process in the heart
is thought to evolve from the clotting of myocardial
microvessels and the subsequent hypoxia leading to
myocyte damage [12]. The absolute levels of hscTnT at
the end of RT in our patients were below the clinically
used threshold for myocardial infarction (50 ng/l).
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Table 2 Radiation doses to cardiac structures in patients with
hscTnT increase >30 % from baseline during RT (Group A) vs.
patients without hscTnT increase (Group B)

Cardiac structure Group A (N=12) Group B (N =46) p value*
Heart
Dmean (Gy) 40+18 28+13 0.02
Dmax (Gy) 489+53 439+110 0.13
V5 (%) 120£6.2 8.1+46 0.02
V10 (%) 84+£5.1 49+34 0.01
V15 (%) 71+44 40+3.1 0.01
V20 (%) 57+33 35+£28 0.02
V30 (%) 4026 26+23 0.08
AUC (%.Gy) 403+ 172 291+ 134 0.02
Lv
Dmean (Gy) 6.7£33 4526 0.02
Dmax (Gy) 478+58 410+122 0.07
V5 (%) 2204123 145£9.2 0.02
V10 (%) 155+10.2 86+70 0.01
V15 (%) 132+92 72+64 0.01
V20 (%) 111177 62+59 0.02
V30 (%) 71+£54 4447 0.10
AUC (%.Gy) 668 +333 468 + 260 0.03
LAD
Dmean (Gy) 238+ 10.1 175+108 0.07
Dmax (Gy) 434+118 379+158 0.27
V5 (%) 6834242 61.7 £24.1 040
V10 (%) 619+26.1 457 277 0.07
V15 (%) 58.6+263 40.0+280 0.047
V20 (%) 554+263 3624283 0.04
V30 (%) 450+253 293+278 0.08
AUC (%.Gy) 2422+ 1053 1793 £ 1097 0.08

hscTnT high sensitivity cardiac troponin T, RT radiotherapy, Dmean mean
radiation dose to the structure, Dmax maximal point radiation dose in the
structure, V30/20/10/5 the volume of structure receiving 30Gy/20Gy/10Gy/5Gy
dose, AUC area under the curve, LV left ventricle, LAD left anterior descending
coronary artery

*Independent samples t-test

Nevertheless, measurable (>4 ng/l) troponin levels indi-
cate worse cardiac long term prognosis in other clinical
conditions [17, 18].

Cardiac radiation doses

In the previous studies, the mean cardiac radiation dose
has varied from 4.9 Gy (retrospective analysis) [4] to
9 Gy (prospective analysis) [5]. In our study, the mean
heart dose in the group A was significantly higher (4.0 +
1.8 Gy) than in the group B (2.8 £ 1.4 Gy). As presented
in Table 2 and Fig. 2, also the measured dose-volume
points for the whole heart were significantly different be-
tween the groups. In group A, larger volumes of the
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Table 3 Echocardiographic measurements at baseline(before RT) and the change from baseline measured at the end of RT in
patients with increased hscTnT release (group A) and in patients without hscTnT release (group B)

Group A (N=12)

Group B (N=46)

Before RT Change Before RT Change p*
LV dimensions
LVEDD (mm) 440 (420 - 45.5) -20(-35-00) 46.0 (44.0 - 47.0) -0.5 (20 - 2.0) 0.06
LVESD (mm) 300 (27.5-31.0) -1.5(-45-15) 31.0 (29.0 - 33.0) 00 (-20-20) 0.1
VS (mm) 110 (85-11.5) 1.0 (00-1.0) 100 (90 - 11.0) 00 (00-1.0) 0.01
PW (mm) 100 (9.5-11.0) 1.0(00-1.0) 100 (90 - 11.0) 00 (-1.0-1.0) 0.50
RV functions
Tapse (mm) 235(21.0-250) -1.0 (-35-05) 245 (21.0-280) -20 (-40-00) 0.63
RV s (cm/s) 113 (95-14.) -0.2 (06 - 1.5) 120 (103-132) -0.5(-14-0.7) 0.34
RV Ee' ratio 42 (33-50 0.7 (-16-25) 39(33-49) 0.1 (-03-08) 0.88
LV functions
EF (%) 62.5 (60.0 - 64.5) 1.5 (-45-35) 62.0 (580 - 65.0) 0.0 (40 - 4.0) 0.87
Mitral E (cm/s) 68.8 (585 - 79.0) 43 (-60-03) 74.0 (64.7 - 84.8) -38(-108 - 3.9) 0.94
Dt (ms) 204 (192 - 236) 32 (9-64) 230 (208 - 261) 0(-29-21) 0.008
EA ratio 0.8 (0.7 -09) 00 (-0.1-0.1) 10 (08-1.1) 00 (-0.1-0.1) 0.99
IVRT (ms) 113 (89-122) 3(-6-21) 103 (90 - 123) 4 (-10-21) 0.92
Ee' ratio 89 (69 -109) 06 (-20-1.5) 93 (74-106) -03 (-14-06) 0.30

LV left ventricle, LVEDD left ventricular end diastolic diameter, LVESD left ventricular end systolic diameter, /VS interventricular septum thickness, PW thickness of
left ventricle’s posterior wall, RV right ventricle, tapse tricuspid annular plane systolic excursion, RV’s systolic tissue doppler measurement of right ventricle’s free
wall, RV Ee'ratio the ratio of early tricuspid inflow to annular diastolic velocity, EF ejection fraction, Mitral E first peak of diastole, active filling, Dt deceleration time
during diastole, EA ratio ratio of diastolic peaks E and A, IVRT isovolumic relaxation time, Ee'ratio ratio of early transmitral flow velocity (E) to early diastolic velocity

of the mitral valve annulus (e)
*p value between groups

cardiac structures received more radiation. These find-
ings show, that increasing cardiac doses associate with
myocyte damage measured by hscTnT release. In animal
models, even doses as low as 2 Gy for the whole heart
induced cardiac remodelling and fibrinogenesis [30]. In a
retrospective study on breast cancer patients, the risk of
major cardiac event increased linearly with every in-
creasing Gy for the heart [4]. Absolutely safe cardiac
doses cannot be extrapolated either from our results or
from previous data. Furthermore, it is still unclear,
whether a low dose for a larger cardiac volume is more
detrimental than a higher dose for a smaller volume.
However, our DVH data suggest that if the mean dose
for the whole heart is under 2 Gy at least the risk of
acute myocyte damage is low. This can easily be reached
in majority of node-negative patients, if vDIBH (own
institutional experience) or Active Breathing Control
(ABC) [31] is utilized.

Increasing doses to LV correlate with myocardial per-
fusion defects [6, 7, 32]. In our patients, the mean dose
to LV was higher in the group A and the difference in
V5 Gy, V10 Gy and V20 Gy was also significant.

The LAD runs in the sulcus between the left and right
ventricle. Its anatomical location in relation to chest wall
varies from one patient to another. The LAD is, however,

generally at the most anterior part of the LV and therefore,
the radiation doses to LAD in left sided breast cancer RT
can be substantial. In coronary vessels, the acute RT
induced damage may later manifest as thickening and
fibrosis of the vessel walls and increased local atheroscler-
osis. The coronary arteries should be considered as a
serial-type organ, where the damage to one small part
affects the function of whole the unit. In our patients, the
DVHs of the LAD differ clearly after 5 Gy and converge
only at high doses. The AUC analysis of the LAD did not
reach statistical significance due to variation of doses and
the limited number of patients.

Echocardiographic changes

LV’s ejection fraction (LVEF), a widely used marker of
the LV’s systolic function in oncology, did not decrease
in our patients after RT. This finding is similar than with
Lo Q et al. [33], who detected subclinical cardiac dys-
function by 2-D strain imaging in LV after left-sided
breast cancer RT, but LVEF remained unchanged. In
addition, LVEF can remain within normal limits even in
a presence of significant cardiac diastolic dysfunction.
This entity of heart failure with preserved ejection frac-
tion (HFpEF) is more common in elderly women and it
is thought to have a multi-factorial etiology [34, 35]. It
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might share some pathophysiology with radiation in-
duced heart disease such as increased fibrosis markers
[36] and proinflammatory changes [37].

Diastolic changes in LV’s function were observed in
both groups such as lower mitral E peak. As RT induces
inflammation and later fibrinogenesis in tissues [12], it is
logical that the early cardiac changes would be first
present in the diastole, where the impaired relaxation
and increased stiffness in ventricular walls cause im-
paired filling. The prolongation of diastolic deceleration
time, a representative of increased ventricular wall stiff-
ness, was apparent after RT in group A accompanied
with increased septum thicknesses in contrast to group
B. In addition, the LV diameters in both end systole and
diastole decreased more in group A than group B- yet
this failed to reach statistical significance due to small
number of patients. Diastolic dysfunction can cause
major cardiac morbidity such as dyspnea in mild exer-
tion, fatigue and fluid retention [38]. These findings
further support the value of troponin release as a simple
marker of radiation-induced myocardial damage.

Confounding factors and limitations

Hypertension is a known additive risk factor for RT
induced cardiotoxicity [4]. In our patients, 50 % of the
group A patients had hypertension compared with 30 %
in the group B. However, this difference was not signifi-
cant. It is of interest, that none of the patients using thy-
roid hormone supplementation had increases in hscTnT
levels. There is experimental data on the benefits of
thyroid hormone use after myocardial infarction (MI) in
rodents [39, 40], and the beneficial effects of high T3
levels on cardiac functions after MI have been described
also in humans [41]. This finding is intriguing and
should be validated in a larger population as no reliable
and clinically relevant subgroup analysis could be per-
formed in our study due to the relatively small number
of patients.

Clinical implications

HscTnT is a sensitive marker of acute myocardial dam-
age. In general, greater damage causes a greater troponin
release and indicates worse prognosis. In this study, the
increases in hscTnT values associated with increased
cardiac radiation doses for the whole heart and LV. In
daily RT treatment planning, at least the whole heart
should be contoured as an organ at risk for left sided
breast cancer RT in order to keep the cardiac dose as
low as possible. Evolving radiation techniques will help
to accomplish the cardiac dose sparing. Patient derived
risk factors, such as hypertension, are still important and
need special caution and guidance. Echocardiography
can measure RT induced subclinical cardiac changes im-
mediately after breast cancer RT and should be used in
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the later follow up of patients. Likewise, an expert con-
sensus from 2013 recommends routine echocardiog-
raphy after left sided breast cancer RT for all breast
cancer survivors in 5-10 years to screen for radiation in-
duced heart disease [42].

Conclusions

The elevation on hscTnT levels suggests that adjuvant
RT causes subclinical myocardial damage in patients
with left-sided breast cancer. As the increase in hscTnT
associates with increased cardiac radiation doses all ef-
forts should be made to keep the radiation to the heart
as low as possible. Whether these acute subclinical
changes in echocardiography increase the risk of exces-
sive long-term cardiovascular morbidity or mortality in
our patients will be addressed in the later follow-up.
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