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Abstract

Objective

Radiotherapy is routinely considered as a risk factor for cardiac late effects in female breast cancer patients
in epidemiological studies with treatment until the 1990s. However, in the late 1990s radiotherapy made
a shift from conventional 2D radiotherapy to 3D-conformal radiotherapy based on computed tomography
scans. While this resulted in a reduction of radiation exposure to the heart during radiotherapy, the heart
remains exposed. Epidemiological studies with long-term follow-up and information on modern
radiotherapy after 2000 are sparse. The overall objective of this thesis is to evaluate the potential risk for
cardiac late effects of 3D-conformal radiotherapy, especially after 2000, in female breast cancer patients

in Germany based on a multicenter epidemiological study.

Background

Female breast cancer is a major global health burden. It is the most commonly diagnosed cancer
worldwide. In many countries the 5-year relative survival exceeds 80%. The high survival rate combined
with the demographic transition towards an older population lead to an expanding population at risk for
potential adverse late effects of cancer therapy. A cornerstone in breast cancer therapy, radiotherapy
reduces local recurrence and breast cancer-related mortality. Despite these benefits, radiotherapy may
expose the heart to ionizing radiation, potentially leading to macro- and microvascular damage that can
take decades to become clinically relevant. A number of epidemiological studies on the risk for cardiac late
effects in female breast cancer patients have been published for the treatment era before 2000, including
mainly older radiotherapy regimes with conventional 2D treatment planning. Studies on the risk for cardiac
late effects in female breast cancer patients with contemporary 3D-conformal radiotherapy are still sparse,
especially for Germany. This cumulative PhD-thesis addresses this gap on the basis of epidemiological
analyses of the ESCaRa-Study (Epidemiological Study on Cardiac late effects and second malignancies after

Radiotherapy in breast cancer patients).

Research questions

This cumulative PhD-thesis is based on two internationally published epidemiological articles that
investigate important questions on cardiac late effects in female breast cancer patients after 3D-conformal

radiotherapy. In particular, the articles provide insight regarding the risk for cardiac late effects in the



German setting for contemporary radiotherapy regimes with long-term follow up and individual
dosimetry. No results from studies with similar scope and scale have been previously reported. Thus, the
two articles’ contribution are especially valuable to inform medical decision making on the application of

radiotherapy. The main research questions of this thesis are outlined below:

1) Isthe risk for long-term cardiac mortality increased in women with 3D-conformal radiotherapy for

left-sided breast cancer compared to women with right-sided breast cancer? (Article |)

2) s the risk for long-term cardiac morbidity increased in women with 3D-conformal radiotherapy

for left-sided breast cancer compared to women with right-sided breast cancer? (Article 1)

3) Is the risk for long-term cardiac events associated with mean dose from 3D-conformal
radiotherapy for female breast cancer to the complete heart or the left anterior heart wall (LAHW)

including the left anterior (LAD) coronary artery descending? (Article Il)

4) s the risk for long-term cardiac events associated with the dose-volume metric V5Gy from 3D-
conformal radiotherapy for female breast cancer to the complete heart or the left anterior heart

wall (LAHW) including the left anterior (LAD) coronary artery descending? (Article Il)

Summary Article |

Tumour laterality is frequently used as a proxy for radiation exposure to the heart in epidemiological
studies on radiotherapy in female breast cancer patients to assess the risk for cardiac late effects. Due to
the anatomical position of the heart in the mediastinum, left-sided breast cancer patients have higher
heart-exposure from radiotherapy compared to patients with right-sided tumours. Tumour laterality is
mostly random, which enables an unbiased analysis in a quasi-randomized study design, with unknown

confounders distributed equally in both groups.

In Article | of this cumulative PhD-thesis results of the ESCaRa cohort are presented. In this article cardiac
mortality and cardiac morbidity after radiotherapy in female breast cancer patients in Germany was
assessed. A total of 11,982 female breast cancer patients with cancer treatment between 1998-2008 were
included. To answer research question 1) a mortality follow-up until 06/2018 was conducted. In order to
answer research question 2) cardiac morbidity occurring after breast cancer treatment was assessed via a

guestionnaire that was sent out in 2014 and 2019. As a proxy for radiation exposure to the heart and to



investigate the effect on cardiac mortality and morbidity tumour laterality of the breast cancer was used.
All irradiated patients received 3D-conformal radiotherapy. Cox proportional hazards regression analysis
were carried out, taking potential confounders into account. Missing values were imputed by multiple

imputation.

After a median mortality follow-up of 11.1 years, there was no statistically significant association of tumour
laterality with cardiac mortality comparing left-sided versus right-sided tumours (hazard ratio (HR) 1.09,
95% confidence interval (Cl) 0.85-1.41) among irradiated patients. The same holds for cardiac morbidity
(HR 1.05, 95% Cl 0.88-1.25) after a median follow-up of 12.4 years. The results of Article | are generally in
line with other international studies on long-term cardiac mortality in breast cancer patients with
contemporary radiotherapy techniques such as 3D-conformal radiotherapy using tumour laterality as a
proxy for cardiac dose. Studies on cardiac morbidity on the other hand show conflicting results. In short, a
number of studies did reveal an increased risk for both older and more recent therapy regimes including
the years 1989-2005, 1977-1989 and 2001-2005, 1999-2005, and 1976-1989 and 1990 onwards. While
other studies did not show any association of tumour laterality and cardiac morbidity after radiotherapy
for breast cancer for the years 1998-2008, 2000-2009, 1996-2010, and 2008-2016. Although radiotherapy
for left-sided breast cancer on average results in higher doses to the heart than radiotherapy for right-
sided tumours, no evidence was identified that tumour laterality is a strong risk factor for both cardiac
mortality and cardiac morbidity in Article | after 3D-conformal radiotherapy. However, it cannot be ruled
out that a larger sample size and longer follow-up would have altered the results. Furthermore, tumour
laterality is a crude proxy measure for the actual individual radiation dose to the heart. It does not take
into account potential sensitive functional substructures of the heart and does not allow to conduct a

dose-response analysis.

Summary Article Il

To overcome the aforementioned limitations of using tumour laterality as a proxy for cardiac exposure to
ionizing radiation in breast cancer radiotherapy, individual retrospective dosimetry of radiation exposure
of the heart during 3D-conformal radiotherapy was used in Article Il of this thesis to estimate a potential
dose-response relationship. Considerable variability in radiation exposure to the heart and functional
substructures was reported for radiotherapy in female breast cancer patients due to individual anatomy
and varying field geometries. A dose-response analysis using individual dosimetry for the complete heart

and functional substructures enables to estimate a potential dose-response relationship for cardiac late



effects. Studies using individual dose estimates to assess the risk for cardiac late effects in female breast
cancer patients are sparse and for Germany so far non-existent. With Article Il of the cumulative PhD-

thesis this research gap for Germany was targeted.

In the ESCaRa cohort of 11,982 female breast cancer patients diagnosed in 1998-2008, 494 women treated
with 3D-conformal radiotherapy and a subsequent cardiac event were selected. Within a nested case-
control approach, these cases were matched to 988 controls. Controls were patients without a cardiac
event after radiotherapy until the index date of the corresponding case. A cardiac event was defined as
either death from a cardiac cause such as a cardiac infarction or the diagnosis of a cardiac disease such as
congestive heart failure. To answer research questions 3) and 4) separate multivariable conditional logistic
regression models were used. For 91 cases and 182 controls of the 494 cases and 988 controls individual
estimates for DMEAN (the volume weighted mean dose) and V5Gy (the volume that received >5 Gray (Gy))
values for the complete heart and the LAHW were extracted from the dosimetry sample. For the remaining
403 cases and 806 controls that were not part of the dosimetry sample, doses were imputed based on a

validated prediction model.

Over 75% of the cases and controls received radiotherapy treatment >2000. The retrospective dosimetry
showed a mean dose to the heart of 4.27 Gy (1.21 Gy-11.98 Gy) for left-sided radiation in cases and 4.31
Gy (0.80 Gy-13.56 Gy) for controls and 1.64 Gy (0.44 Gy-6.10 Gy) and 1.66 Gy (0.56 Gy-13.56 Gy) for right-
sided radiation, respectively. The dose-response analysis for DMEAN of the complete heart did not reveal
any association with cardiac events (odds ratio (OR) per 1 Gy increase 0.99, 95% Cl 0.94-1.05, p=.72) nor a
linear dose-response relationship. Likewise, the analysis of DMEAN for the LAHW did not reveal any dose-
response relationship for cardiac events (OR per 1 Gy increase 1.00, 95% Cl 0.98-1.01, p=.68). Analyses for
V5Gy for the complete heart (OR per 1% increase 1.00, 95% Cl 0.99-1.01, p=.98) as well as for the LAHW
(OR per 1% increase 1.02, 95% 0.79-1.32, p=.88) did not reveal any dose-response relationship either.
Results were consistent across all analyses when comparing risk estimates and corresponding Cl for
adjusted and unadjusted models. Previous dose-response analyses including mostly patients treated up to
the year 2000 provided evidence that radiation dose to the heart from radiotherapy is linearly associated
with an increasing risk for cardiac morbidity and cardiac mortality. Contrary to previous studies, the
analysis of Article Il provides no evidence that radiation dose to the heart from 3D-conformal radiotherapy
for female breast cancer patients treated mainly after 2000 was associated with cardiac late effects.
Besides the different treatment period, comparability to previous studies is hampered by heterogeneity
in aspects of study design including the definition of the endpoint, inclusion criteria, matching criteria and

the use of latency time.



Conclusion

In summary, the results of this cumulative PhD-thesis reassure the relatively safety of modern
radiotherapy techniques such as 3D-conformal radiotherapy. The findings suggest that 3D-conformal
radiotherapy for female breast cancer is not associated with a significantly increased risk for cardiac late
effects. This might be interpreted as a result of the extensive efforts to spare the heart as an important
organ at risk during radiotherapy, taking into account patient co-morbidities as well as chemotherapy, and
providing follow-up care. However, as the results differ from previous international dose-response
analyses further independent studies with a comparatively recent treatment period and long follow-up

are needed to verify the findings.

Outlook

The following options could be considered as an outlook for future research. First, in an explorative
analysis other substructures of the heart and other dose metrics could be investigated as for the complete
heart and the LAHW both DMEAN and V5Gy were not associated with an increased risk for cardiac late
effects. Further substructures to consider would be e.g. the aortic valve or the pulmonary valve. Additional
alternative dose metrics to consider could be the relative volume exposed to at least 10 Gy (V10Gy) or the
dose received by the maximally exposed 2 cm?® (D2CC). Second, based on the available computed
tomography scans a coronary artery calcium score could be retrospectively determined in ESCaRa. Long
before the onset of clinically significant cardiac late effects, subclinical cardiac changes might occur.
Identifying patients with high risk for radiation-induced cardiac complications through effective subclinical
markers would be beneficial for primary and secondary prevention. A score could be used to identify these
patients with a higher risk for coronary artery diseases and would therefore provide additional new
evidence on cardiac effects in breast cancer patients after 3D-conformal radiotherapy from this cohort.
Third, to increase the number of events and enable to estimate more robust effect estimates, additional
years of follow-up by a continuation of the systematic individual mortality follow-up via the corresponding
compulsory population registries of the municipalities and an additional questionnaire on cardiac
morbidity could be added. Alternatively, and potentially even more useful, a pooled analysis based on
original data of the previous studies including data of the ESCaRa dose-response study with individual
retrospective dosimetry on cardiac late effects after radiotherapy in female breast cancer patients could

be conducted.



Zusammenfassung

Ziel

Die Strahlentherapie bei weiblichen Brustkrebspatientinnen gilt als Risikofaktor fir kardiale Spatfolgen.
Ein GroRteil der Evidenz stammt aus epidemiologischen Studien die Strahlentherapieregime vor dem Jahr
2000 einschliellen. In den spaten 1990er-Jahren vollzog sich ein Wechsel in der Strahlentherapie von der
konventionellen 2D Strahlentherapie hin zur 3D-konformalen Strahlentherapie auf Basis von
computertomographischer Bildgebung. 3D-konformale Strahlentherapie fiihrte zu einer Verringerung der
Strahlenbelastung des Herzens wahrend der Strahlentherapie. Nichtsdestotrotz bleibt das Herz exponiert
und epidemiologische Studien zu 3D-konformalen Strahlentherapie und kardialen Spatfolgen bei
Patientinnen mit einer Therapie nach 2000 mit Langzeit-Follow-up sind sparlich. Ziel dieser kumulativen
Dissertation ist die Bewertung des potenziellen Risikos fiir kardiale Spatfolgen nach 3D-konformaler
Strahlentherapie, insbesondere nach 2000, bei weiblichen Brustkrebspatientinnen auf Grundlage einer

multizentrischen epidemiologischen Studie.

Hintergrund

Brustkrebs bei Frauen ist eine globale Herausforderung. Weltweit ist Brustkrebs bei Frauen die am
haufigsten diagnostizierte Krebserkrankung. In vielen Lindern liegt die relative 5-Jahres-Uberlebensrate
bei iber 80%. Die hohe Uberlebensrate in Kombination mit dem demografischen Wandel hin zu einer
dlteren Bevolkerung, fiihrt zu einer wachsenden Gruppe von Brustkrebspatientinnen, die einem Risiko fur
potentielle Spatfolgen der Krebstherapie ausgesetzt sind. Die Strahlentherapie ist ein Eckpfeiler der
Brustkrebstherapie. Sie verringert das Auftreten von lokalen Rezidiven und der brustkrebsbedingten
Sterblichkeit. Ungeachtet dieser Vorteile wird wahrend der Strahlentherapie der Brust das Herz
ionisierender Strahlung ausgesetzt. Dies kann zu makro- und mikrovaskuldren Schaden fiihren, welche erst
nach Jahrzehnten klinisch relevant werden kénnen. Eine Reihe von epidemiologischen Studien zum Risiko
fir kardiale Spatfolgen bei Brustkrebspatientinnen wurde fiir die Behandlungsédra vor dem Jahr 2000
veroffentlicht. In diesen Arbeiten wurden hauptsachlich &ltere Strahlentherapiesysteme mit
konventioneller 2D Behandlungsplanung verwendet. Studien zum Risiko fiir kardiale Spatfolgen bei
Brustkrebspatientinnen nach moderner 3D-konformaler Strahlentherapie sind insbesondere fiir
Deutschland rar. Diese kumulative Dissertation schlieRt diese Liicke auf der Basis von epidemiologischen
Analysen der ESCaRa-Studie (Epidemiological Study on Cardiac late effects and second malignancies after

Radiotherapy in breast cancer patients).
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Forschungsfragen

Diese kumulative Dissertation setzt sich aus zwei international peer-review publizierten
epidemiologischen Fachartikeln zusammen, welche wichtige Fragen zu kardialen Spatfolgen bei
Brustkrebspatientinnen nach 3D-konformaler Strahlentherapie behandeln. Die Artikel liefern
insbesondere Erkenntnisse (iber das Risiko kardialer Spatfolgen bei moderner Strahlentherapie in
Deutschland, basierend auf einer langen Nachbeobachtungszeit und individueller retrospektiver
Dosimetrie. Bisher wurden keine Ergebnisse von Studien mit ahnlichem Umfang und AusmaR berichtet.
Die beiden Artikel kbnnen damit besonders wertvolle Beitrage fur die medizinische Entscheidungsfindung
in der Strahlentherapie bei Brustkrebspatientinnen leisten. Die zentralen Forschungsfragen dieser

Dissertation sind:

1) Ist das Risiko fiir kardiale Mortalitat als Spatfolge nach 3D-konformaler Strahlentherapie bei
Frauen mit linksseitigem Brustkrebs im Vergleich zu Frauen mit rechtsseitigem Brustkrebs erhoht?

(Artikel 1)

2) Ist das Risiko fir kardiale Morbiditat als Spatfolge nach 3D-konformaler Strahlentherapie bei
Frauen mit linksseitigem Brustkrebs im Vergleich zu Frauen mit rechtsseitigem Brustkrebs erhéht?

(Artikel 1)

3) Ist das Risiko fiir kardiale Ereignisse als Spatfolge bei Brustkrebspatientinnen mit der mittleren
Dosis der 3D-konformalen Strahlentherapie des Gesamtherz oder der linken vorderen Herzwand

einschlieRlich der linken vorderen absteigenden Koronararterie assoziiert? (Artikel I1)

4) Ist das Risiko fiir kardiale Ereignisse als Spatfolge bei Brustkrebspatientinnen mit der Dosis-
Volumen-Metrik V5Gy der 3D-konformalen Strahlentherapie des Gesamtherz oder der linken
vorderen Herzwand einschlieRlich der linken vorderen absteigenden Koronararterie assoziiert?

(Artikel 1)

Zusammenfassung Artikel |

Tumorlateralitdit wird in epidemiologischen Studien zu Spatfolgen nach Strahlentherapie bei
Brustkrebspatientinnen haufig als Approximation fiir die tatsachliche Strahlenbelastung des Herzens

verwendet. Aufgrund der anatomischen Lage des Herzens im Mediastinum haben Patientinnen mit

VI



linksseitigem Brustkrebs im Vergleich zu Patientinnen mit rechtsseitigem Tumor eine hohere
Strahlenbelastung des Herzens durch die Strahlentherapie. Die Tumorlateralitat ist meist zufallig, was eine
nicht-verzerrte Analyse in einem quasi-randomisiertem Studiendesign ermdoglicht, bei dem unbekannte

Storfaktoren in beiden Gruppen gleich verteilt sind.

In Artikel | dieser kumulativen Dissertation werden die Ergebnisse aus der ESCaRa-Studie vorgestellt. In
diesem Artikel wurde die kardiale Mortalitdt und kardiale Morbiditat nach Strahlentherapie bei
Brustkrebspatientinnen in Deutschland untersucht. Insgesamt wurden 11.982 Brustkrebspatientinnen mit
einer Krebsbehandlung zwischen 1998-2008 eingeschlossen. Zur Beantwortung der Forschungsfrage 1)
wurde ein Mortalitdts-Follow-up bis 06/2018 durchgefiihrt. Zur Untersuchung der Forschungsfrage 2)
wurde die kardiale Morbiditat nach einer Burstkrebsbehandlung mittels eines Fragebogens erhoben,
welcher 2014 und 2019 verschickt wurde. Als Approximation fiir die Strahlenbelastung des Herzens und
zur Untersuchung der Auswirkung auf kardiale Mortalitdt und Morbiditat wurde die Tumorlateralitat der
Brustkrebserkrankung verwendet. Alle bestrahlten Patientinnen erhielten eine 3D-konformale
Strahlentherapie. Es wurden Cox-Proportional-Hazard-Regressionsanalysen durchgefiihrt, wobei fir
potentielle Storfaktoren adjustiert wurde. Fehlende Werte wurden mittels multipler Imputation bestimmt.
Nach einem medianen Mortalitats-Follow-Up von 11,1 Jahren wurde kein statistisch signifikanter
Zusammenhang zwischen der Tumorlateralitdit und der kardialen Mortalitdt, beim Vergleich von
linksseitigen vs. rechtsseitigen Tumoren beobachtet (Hazard Ratio (HR) 1,09; 95% Konfidenzintervall (KI)
0,85-1,41). Dasselbe gilt fiir kardiale Morbiditat (HR 1,05; 95% Kl 0,88-1,25) nach einem medianen Follow-
up von 12,4 Jahren. Die Ergebnisse von Artikel | stehen im Einklang mit anderen internationalen Studien
zu kardialer Mortalitat als Spatfolge bei Brustkrebspatientinnen, die mit 3D-konformaler Strahlentherapie
behandelt wurden und ebenfalls Tumorlateralitdt als Approximation fiir die kardiale Dosis der Strahlung
wahrend der Strahlentherapie verwendet haben. Studien zur kardialen Morbiditat als Spatfolge wiederum
zeigen widersprichliche Ergebnisse. Zusammengefasst zeigte sich in einer Reihe von Studien ein erhdhtes
Risiko sowohl fir altere als auch neue Therapieregime. Die Studien schlossen die Jahre 1989-2005, 1977-
1989 und 2001-2005, 1999-2005 sowie 1976-1989 und >1990. Andere Studien hingegen zeigten fiir die
Jahre 1998-2008, 2000-2009, 1996-2010 und 2008-2016 keinen Zusammenhang zwischen
Tumorlateralitdit und kardialer Morbiditdt nach Strahlentherapie bei Brustkrebs. Auch wenn die
Strahlentherapie bei linksseitigem Brustkrebs mit durchschnittlich hoheren Dosen fir das Herz einhergeht
als bei rechtsseitigen Tumoren, wurden in Artikel | keine Hinweise darauf gefunden, dass die
Tumorlateralitat ein starker Risikofaktor ist. Dies trifft sowohl auf kardiale Mortalitat als auch kardiale

Morbiditat als Spatfolge nach 3D-konformaler Strahlentherapie zu. Es kann jedoch nicht ausgeschlossen

Vil



werden, dass ein groReres Patientenkollektiv und ein langeres Follow-up die Ergebnisse verandert hatten.
Ferner ist die Tumorlateralitdt eine grobe Approximation der tatsachlichen individuellen Strahlendosis des
Herzens. Zusatzlich bericksichtigt Tumorlateralitdt nicht die potenziell empfindlichen funktionalen

Substrukturen des Herzens und lasst keine Dosis-Wirkungs-Analyse zu.

Zusammenfassung Artikel Il

Um die oben beschriebenen Limitationen bei der Verwendung der Tumorlateralitat als Approximation fir
die kardiale Exposition gegenliber ionisierender Strahlung bei Strahlentherapie von Brustkrebs zu
Uberwinden, wurde in Artikel Il dieser Arbeit, basierend auf einer individuellen retrospektiven Dosimetrie
der Strahlenexposition des Herzens bei 3D-konformaler Strahlentherapie, eine Dosis-Wirkungs-Analyse
durchgefiihrt. Bei der Strahlentherapie von Brustkrebspatientinnen wurde aufgrund von individueller
Anatomie und unterschiedlicher Feldgeometrie eine erhebliche Variabilitat der Strahlenexposition fiir das
Herz und funktionale Substrukturen beobachtet. Eine Dosis-Wirkungs-Analyse unter Verwendung von
individueller Dosimetrie flir das gesamte Herz und funktionelle Substrukturen ermaoglicht die Abschatzung
einer moglichen Dosis-Wirkungs-Beziehung fiir kardiale Spatfolgen. Studien, mit individueller Dosimetrie
zur Beurteilung des Risikos fiir kardiale Spatfolgen bei Brustkrebspatientinnen, sind sparlich und fir
Deutschland bisher nicht vorhanden. Mit Artikel Il der kumulativen Dissertation wird diese

Forschungsliicke flr Deutschland adressiert.

Aus der ESCaRa-Kohorte von 11.982 Patientinnen, bei denen zwischen 1998 und 2008 Brustkrebs
diagnostiziert wurde, wurden 494 Frauen ausgewahlt, die mit 3D-konformaler Strahlentherapie behandelt
wurden und bei denen anschliefend ein kardiales Ereignis auftrat. Im Rahmen einer eingebetteten Fall-
Kontroll-Studie wurden die Falle 988 passenden Kontrollen zugeordnet. Als Kontrollen wurden Frauen
ohne kardiales Ereignis nach Strahlentherapie zum Indexdatum des entsprechenden Falles gezogen. Ein
kardiales Ereignis wurde definiert als entweder das Versterben an einer kardialen Ursache wie einem
Herzinfarkt oder das Auftreten einer Herzerkrankung wie beispielsweise eine Herzinsuffizienz. Zur
Beantwortung der Forschungsfragen 3) und 4) wurden separate multivariable conditional logistische
Regressionsmodelle verwendet. Fir 91 Falle und 182 Kontrollen, der insgesamt 494 Falle und 988
Kontrollen, konnten aus einer separaten Dosimetriestichprobe individuelle Dosisschatzungen fiir DMEAN
(die volumengewichtete mittlere Dosis) und V5Gy (das Volumen, das =5 Gray (Gy) erhalten hat) fur das

gesamte Herz und die linke vordere Herzwand extrahiert werden. Fiir die verbleibenden 403 Falle und 806



Kontrollen, die nicht Teil der Dosimetriestichprobe waren, wurden die Dosen auf der Grundlage eines

validierten Vorhersagemodells berechnet.

Mehr als 75% der Falle und Kontrollen erhielten eine Strahlentherapie nach 2000. Die retrospektive
Dosimetrie ergab eine mittlere Dosis von 4,27 Gy (1,21 Gy-11,96 Gy) fiir das Herz bei linksseitiger
Bestrahlung bei Fallen und 4,31 Gy (0,80 Gy-13,56 Gy) bei den Kontrollen und entsprechend 1,64 Gy (0,44
Gy-6,10 Gy) und 1,66 Gy (0,56 Gy-13,56 Gy) fir rechtsseitige Bestrahlung. Die Dosis-Wirkungs-Analyse fur
DMEAN des gesamten Herzens zeigte keinen Zusammenhang mit kardialen Ereignissen (Odds Ratio (OR)
je 1 Gy 0,99; 95% Kl 0,94-1,05; p=.72). Auch die Analyse von DMEAN fiir die linke vordere Herzwand zeigte
keinen Dosis-Wirkungs-Zusammenhang fiir kardiale Ereignisse (OR je 1 Gy 1,00; 95% Kl 0,98-1,01; p=.68).
Die Analysen fiir V5Gy fiir das gesamte Herz (OR je 1% 1,00; 95% Kl 0,99-1,01; p=.98) sowie fir die linke
vordere Herzwand (OR je 1% 1,02; 95% 0,79-1,32; p=.88) zeigten ebenfalls keine Dosis-Wirkungs-
Beziehung. Die Ergebnisse waren in allen Analysen konsistent, wenn man die Risikoschatzer und die
entsprechenden Kl fir adjustierte und nicht-adjustierte Modelle vergleicht. Vorangegangene
internationale Dosis-Wirkungs-Analysen, die hauptsachlich Patienten mit einer Strahlentherapie vor 2000
eingeschlossen haben, zeigten einen Zusammenhang fir die mittlere Strahlendosis des Herzens und
kardialen Ereignissen. Der berichtete Dosis-Wirkungs-Zusammenhang in diesen Studien war linear. Im
Gegensatz zu friiheren Studien liefert die Analyse von Artikel Il keine Hinweise darauf, dass die
Strahlendosis fir das Herz bei der 3D-konformen Strahlentherapie fiir weibliche Brustkrebspatientinnen,
die hauptsachlich nach dem Jahr 2000 behandelt wurden, mit kardialen Spatfolgen assoziiert ist. Die
Vergleichbarkeit mit frilheren Studien wird durch die Heterogenitdt im Studiendesign erschwert. Dies
umfasst die Definition des Endpunkts, die Einschlusskriterien, die Matchingvariablen und die Verwendung

von Latenzzeit.

Schlussfolgerung

Die Analysen dieser Arbeit geben keinen Hinweis darauf, dass die 3D-konformale Strahlentherapie bei
weibliche Brustkrebspatientinnen mit einem signifikant erhéhtem Risiko fiir kardiale Spatfolgen assoziiert
ist. Die Ergebnisse dieser kumulativen Dissertation lassen sich als Bestatigung fiir die relative Sicherheit
von moderner Strahlentherapie wie der 3D-konformalen Strahlentherapie bei Brustkrebs interpretieren.
Sie lassen sich ebenfalls als Resultat umfangreicher Bemiihungen deuten, das Herz als wichtiges
Risikoorgan wahrend der Strahlentherapie zu schonen, die Komorbiditdt sowie die Chemotherapie der
Patienten zu berlicksichtigen und eine addaquate Nachsorge zu gewahrleisten. Da die Ergebnisse der Dosis-
Wirkungs-Analyse von friiheren Studien dieser Art abweichen, sind weitere unabhangige Untersuchungen

X



zu vergleichsweise moderner Strahlentherapie mit einer ausreichend langen Nachbeobachtung

erforderlich, um die Ergebnisse zu validieren.

Ausblick

Die folgenden drei Optionen kénnen als Ausblick fiir zuklinftige Forschungsvorhaben erwagt werden.
Erstens konnten in weiteren explorativen Analysen zusatzliche funktionale Substrukturen wie die
Aortenklappe oder die Pulmonalklappe des Herzens sowie weitere Dosismetriken untersucht werden. Als
weitere Dosismetriken konnten beispielsweise das Volumen, das mindestens 10 Gy ausgesetzt war
(V10Gy) oder die Dosis, die die maximal exponierten 2 cm?® erhalten haben (D2CC) in Betracht gezogen
werden. Zweitens koénnten subklinische kardiale Verdnderungen untersucht werden. Diese
Veranderungen kénnen bereits lange vor dem Auftreten klinisch signifikanter kardialer Spatfolgen prasent
sein. Die Identifizierung von Patienten mit einem hohen Risiko fiir strahleninduzierte kardiale
Komplikationen durch zuverlassige subklinische Marker ware fir die Primar- und Sekundarpravention von
Vorteil. Auf Grundlage der verfiigbaren Computertomographie-Scans konnte in ESCaRa retrospektiv ein
Score zur Verkalkung der Koronararterien bestimmt werden. Dieser Score kdnnte zur Identifizierung von
Patientinnen mit einem erhdhten Risiko fiir koronare Herzkrankheiten verwendet werden. Damit lieRen
sich zusatzliche Erkenntnisse Uber die kardialen Auswirkungen bei Brustkrebspatientinnen nach 3D-
konformaler Strahlentherapie aus dem vorhandenen Material gewinnen. Drittens kdnnten robustere
Effektschatzer berechnet werden, wenn die Zahl der Ereignisse hoher ware. Dies kdnnte mittels einem
erweiterten Follow-up durch eine Fortsetzung der  systematischen individuellen
Mortalitdtsnachbeobachtung und einem weiteren Fragebogen zur kardialen Morbiditat erzielt werden.
Alternativ und potentiell noch niitzlicher kénnte eine gepoolte Analyse auf Basis von Originaldaten sein.
Hierzu sollten die friheren Studien mit individueller Dosimetrie zu kardialen Spatfolgen nach
Strahlentherapie bei Brustkrebspatientinnen, inklusive der Daten der ESCaRa Dosis-Wirkungs-Studie,

eingeschlossen und ausgewertet werden.
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1 Background

1 Background

Female breast cancer is a major global health burden. It is the most commonly diagnosed cancer
worldwide, with approximately 2.3 million new cases per year X. Mammography screening and effective
adjuvant therapy resulted in substantial increases in the survival of female breast cancer patients 23, In
many countries the 5-year relative survival exceeds 80% *. The combination of a high survival rate and the
demographic transition towards an older population leads to an expanding population at risk for potential
adverse late effects of cancer therapy. This has increased the interest in potential adverse late effects of
cancer therapy. A cornerstone in breast cancer therapy, radiotherapy reduces local recurrence and breast
cancer-related mortality ° 6. Despite these benefits, radiotherapy may expose the heart to ionizing
radiation, potentially leading to macro- and microvascular damage that can take decades to become
clinically relevant 7. A number of epidemiological studies on the risk for cardiac late effects in female breast
cancer patients have been published for the treatment era before 2000, including mainly older
radiotherapy regimes with conventional 2-dimensional (2D) treatment planning. Studies on the risk of
cardiac late effects in female breast cancer patients with contemporary 3-dimensional (3D)-conformal
radiotherapy are still sparse, especially for Germany. This cumulative PhD-thesis issues this gap on the
basis of epidemiological analyses of the ESCaRa-Study (Epidemiological Study on Cardiac late effects and

second malignancies after Radiotherapy in breast cancer patients).

1.1 Female breast cancer

1.1.1 Breast cancer classification

Breast cancer is defined as a malignant neoplasm of the breast including the connective tissue of the
breast, but not the skin of the breast. According to the International Classification of Disease (ICD) Version
10 (ICD-10) breast cancer is coded as C50 8. In 2022 ICD Version 11 (ICD-11) was released. In ICD-11 breast

cancer is coded as 2C6, which further sub-classifies into 2C60-2C6Z °.

From a clinical point of view breast cancer cases can be divided into non-invasive and invasive breast
cancers . In the case of a non-invasive breast cancer, cells have not extended to tissues outside of the
initially affected lobules or ducts. The ductal carcinoma in situ (DCIS) is the most common example for a

non-invasive breast cancer. It is limited to the breast duct, and no atypical cells have extended to close

th

proximity of tissues other than the duct '°. Once abnormal cells extend from within the lobules or ducts

into close proximity of the breast tissue, they are called invasive breast cancer 113,
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Effective treatment planning needs staging of breast cancer. The Tumour-Node-Metastasis (TNM)-based
staging system is widely used for breast cancer % The TNM-classification reflects the prognosis of the
tumour. For this, it incorporates features of the tumour, the nodes, and potential metastasis. For example,
a tumour of a larger size (T3), with more affected lymph nodes (N2), and presence of distant metastasis
(M1) generally has a worse prognosis, compared to smaller tumours (T1), with no affected lymph nodes
(NO) and absence of distant metastasis (M0). Both, the morphological classification and the TNM-based
classification are not completely sufficient to predict the behavior of breast tumour pathophysiology 3.
More recently, with the 2009 St. Gallen Consensus and the updated St. Gallen in 2013, emphasis has been
shifted to a molecular classification. Molecular classification further improves clinical management and
therapy planning ¥ 8. Studies on gene expression profiles identified four clinically relevant molecular
subtypes: Luminal A, Luminal B, HER2+, and Triple Negative . These molecular subtypes are defined by
different immunohistochemical biomarkers, namely the three hormone receptors estrogen receptor (ER),

progesterone receptor (PR), and human epidermal growth factor 2 (HER2) summarized in Table 1 %7:

Table 1: Classification of molecular subtypes of breast cancer (adapted from 17)

Molecular Luminal A Luminal B HER2+ Triple
Subtypes Negative
Biomarkers ER+ ER+ ER- ER-
PR+ PR-/+ PR- PR-
HER2- HER2-/+ HER2+ HER2-
Ki67low Ki67 high Ki67high
Frequency of ~40 10-20 10-15 15-20

cases (%)

Prognosis Best Worse prognosis Worse prognosis compared Worst
prognosis compared to to Luminal cancers prognosis
Luminal A

ER: estrogen receptor, PR: progesterone receptor, HER2: human epidermal growth factor 2
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1.1.2 Risk factors of female breast cancer

Risk factors for female breast cancer are diverse, including genetic, reproductive, environmental, and
lifestyle factors 8, Regarding genetic factors, women having a first-degree relative with a breast cancer,
have an increased risk ratio (RR) of 1.80 (99% confidence interval (Cl) 1.69-1.91). Any further first-degree
relative with a history of breast cancer further increases the risk for breast cancer *°. Autosomal dominant
mutations in BRCA (BReast Cancer gene) 1 and BRCA 2 might be associated with a 10-fold increased risk
for breast cancer 8. A meta-analysis on BRCA 1 and BRCA 2, including 10 studies containing genotype
information and breast cancer risk, showed a mean cumulative cancer risk of 57% (95% Cl 47%-66%) for
carriers of BRCA 1 at age 70 and 49% (95% Cl 40%-57%) for BRCA 2 mutation carriers 2°. Other genetic
mutations associated with in increased risk for breast cancer are Li Fraumeni Syndrome and Cowden

Syndrome &,

Presumably, less than 10% of all breast cancer cases can be attributed to an inherited genetic mutation in
Western countries . More commonly, breast cancer is associated with a wide range of potential
reproductive, environmental and lifestyle factors 8. For female breast cancer a strong dependence on age
is observed. It is rare before the age of 30 years and the risk increases up to 50 years. The risk for breast
cancer still increases after 50 years of age, but at a much lower rate 2%, It is hypothesized, that the change
in the incidence curve at about 50 years of age is associated with hormonal changes due to menopause 2.
A decrease in circulating estrogen levels and other hormones might affect the progression of malignant
mutations in mammary gland cells. This is consistent with observations in epidemiological studies. Late
menarche or early menopause showed a protective effect on the risk of female breast cancer due to less
menstrual cycles and therefore less exposure to ovarian hormones during the reproductive years 2% In
accordance, early age at first menarche and late age at menopause are associated with an increased risk
for breast cancer 2. Women with a first menarche before the age of 11 have triple the risk of women with
later menarche. Having menopause after the age of 55 doubled the risk for breast cancer later in life
compared to women with earlier age at menopause . Nulliparity and a late age at first birth are also both
associated with an increased risk for breast cancer. Risk for breast cancer for women with the first child
after the age of 30 is about twice that of women with a first child at the age of 20. Women with a first child
at the age of 35 or older have an even more increased risk, also compared to nulliparous women 24,
Contrary, breastfeeding was associated with a decreased risk for breast cancer. For every 12 months of
breastfeeding the relative risk of breast cancer decreased by 4.3% (95% Cl 2.9-5.8). Each additional birth
also decreased the risk by 7.0% (95% ClI 5.0-9.0) %. An established environmental risk factor for breast

cancer is exposure to ionizing radiation. This has been shown in various settings and study populations
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%6 Based on epidemiological data, a linear dose-response relationship down to low doses of approximately
100 millisievert (mSv) is assumed. Although, the magnitude of risk per unit dose strongly depends on the
age of exposure. Generally, younger age at exposure is associated with a higher risk for radiation-
associated breast cancer .. Beside radiation, a variety of lifestyle factors are discussed in the context of
an increased risk for breast cancer 2 2, These lifestyle factors include diet %7, weight %32, alcohol

consumption 3, smoking 33, physical activity 3*, oral contraceptives *°, and hormone replacement therapy

36

1.1.3 Incidence of female breast cancer

Cancer of the breast in women is the most common cancer worldwide. In 2020, female breast cancer has
overtaken lung cancer as the most commonly diagnosed cancer, with approximately 2.3 million new cases
per year. This accounts for 11.7% of all incident cancer cases *. Incidence rates vary worldwide **’.
According to the latest GLOBOCAN estimates, the lowest age-standardized incidence rates, using the 1966
Segi-Doll World standard population, for female breast cancer are observed in South Central Asia (26.2
per 100,000 women) and Middle Africa (32.6 per 100,000 women). The highest age-standardized incidence
rates per 100,000 women are observed in North America (86.4), Western Europe (90.7) and Australia/New
Zealand (95.5). In general, age-standardized incidence rates for female breast cancer are higher in
countries with a high to very high human development index (55.9 per 100,000 women) compared to
countries with a low to medium human development index (29.7 per 100,000 women) . In developed
countries healthcare infrastructure enables the registration of quality incidence data on cancer with a high
completeness. In contrast, in low and middle income countries (LMIC) with a lower human development
index, health care facilities are often limited or scarce. This can result in low quality cancer registration
data and deficiencies in completeness *. Therefore, an underestimation of breast cancer incidence in
LMICs is likely. For Germany, the Robert Koch-Institute reports approximately 69,900 newly diagnosed
cases of female breast cancer for 2018 3. This accounts for an age-standardized rate of 112.6 newly
diagnosed cases of female breast cancer per 100,000 women based on the European standard population
for age-standardization. The median age of onset in Germany was 64 years ¥. The higher incidence rates
for female breast cancer in countries with a high human development index such as Germany is consistent
with a higher presence of comprehensive established mammographic screening programs and established
risk factors %°. These risk factors mainly consist of reproductive and hormonal factors such as early age at
menarche, late age at menopause, advanced age at first birth, fewer number of children, less

breastfeeding, menopausal hormone therapy, and oral contraceptives . Furthermore, a higher prevalence
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of lifestyle factors such as alcohol intake, excess body weight, and lack of physical activity might also

contribute to the higher incidence rates in countries with a higher human development index *.

1.1.4 Mortality of female breast cancer

Breast cancer is the leading cause of cancer death in women. It accounts for 15.5% of all cancer death
worldwide . The lowest age-standardized mortality rate for female breast cancer according to GLOBOCAN
2020 was observed in Eastern Asia (9.8 per 100,000 women). The 3 regions with the highest age-
standardized mortality rate for female breast cancer were Micronesia/Polynesia (19.6 per 100,000
women), Western Africa (22.3 per 100,000 women), and Melanesia (27.5 per 100,000 women). In contrast
to the incidence of female breast cancer, countries with a lower human development index have higher
age-standardized mortality rates compared to regions with a higher human development index. Countries
with a high to very high human development index have an age-standardized mortality rate of 12.8 per
100,000 women, while the rate is 15.0 for countries with a low to medium human development index 1.
For Germany the age-standardized mortality rate based on the European standard population is 22.8 per
100,000 women . High age-standardized mortality rates in regions with a lower human development
index, such as e.g. sub-Saharan Africa, are mainly attributable to a late diagnosis, because of insufficient
screening programs. In addition, a lack of adequate treatment also has a major impact on the mortality

rate 4

. Moreover, similar to cancer registry incidence data, most LMICs lack reliable nationally
representative data on cause of death %2. This hampers the comparability to countries with a high human

development index.

1.1.5 Survival of female breast cancer

Survival of female breast cancer patients increased substantially over the past decades **8, Although
breast cancer is still the leading cause of cancer death among females ¥, the 5-year relative survival
exceeds 80% in many countries **°, Among women with breast cancer in the United States (US), the 5-year
relative survival increased from 74.0% during 1975 to 1979 to 88.5% during 2010 to 2015 *°. According to
the EUROCARE project, based on data of over 80 European cancer registries across 23 countries, breast
cancer survival also increased significantly in Europe **7. From 1990 to 1994 the 5-year relative survival
for female breast cancer was 76% in Europe, with a higher survival in the Nordic countries, most southern
countries and central European countries **. In eastern European countries survival ranged between 60%-

70% in this period **. In 1995-1999 the 5-year relative survival of women diagnosed with breast cancer
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increased to 79%, while inter-country differences in survival decreased *°. In the latest report of EUROCARE
the 5-year relative survival for female breast cancer further increased up to 82% for 2000-2007 in Europe
4 This is also high compared to the 5-year relative survival for cancer overall in Europe (57%). For
Germany, the 5-year absolute survival in 2018 was 81% and the 5-year relative survival was 89% for women
with breast cancer. The 10-year relative survival was also relatively high with 85% 3°. The highest age-
specific 5-year relative survival for female breast cancer in Germany in the period 2000-2007 was observed
in the age group of 45-54 year old women. The lowest survival was observed in the age group of women

who were older than 75 years at age at diagnosis °2.

The two main drivers for improved breast cancer prognosis are mammography screening and
advancements in breast cancer treatment *2. The stage of diagnosis is crucial in determining female breast
cancer survival. Early detection through a mammography screening program can result in an earlier
detection of breast cancer. Combined with an effective cancer treatment breast cancer specific mortality
can be reduced *2. Based on a simulation study on the impact of mammography screening and advances
in therapy on breast cancer mortality in the US, a reduction in mortality by 37% (model range 27%-42%)
was observed in 2000 compared to 1975. Of this 37% mammography screening contributed 44% (model

range 35%-60%) and 56% (model range 39%-58%) were attributed to advancements in treatment *.
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1.2 Radiotherapy for female breast cancer

Therapy for breast cancer includes surgery and systemic treatments. Surgery can be differentiated into
breast-conserving surgery and mastectomy. Systemic treatments include chemotherapy, endocrine
therapy, and radiotherapy 2. A cornerstone in breast cancer therapy, radiotherapy reduces local
recurrences and breast cancer-related mortality > ® °*. Radiotherapy in breast cancer patients usually
follows initial surgery and includes 5-6 weeks of postoperative whole breast irradiation 2%, This adjuvant
radiotherapy is applied to eradicate clinically occult tumours deposited in the breast and also the chest
wall or regional lymphatic drainage systems ® to prevent local recurrence. The beneficial effect in patients
with mastectomy as well as in patients with breast-conserving surgery was shown in two large meta-
analyses of randomised clinical trials. The Early Breast Cancer Trialists’ Collaborative Group (EBCTCG)
conducted a meta-analysis of individual data including 8,135 women >*. The included women were treated
between 1964 and 1986 in one of 22 clinical trials and followed up for 10 years for recurrence and until
2009 for mortality. For women with axillary dissection and one to three positive lymph nodes, radiotherapy
reduced the risk for both recurrence (RR 0.68, 95% Cl 0.57-0.82) and mortality (RR 0.80, 95% Cl 0.67-0.95)
> The other large meta-analysis by the EBCTCG on patients with breast-conserving surgery included
10,801 women of 17 randomised clinical trials. Overall, radiotherapy was associated with a reduced 10-
year risk for any first recurrence (absolute reduction 15.7%, 95% Cl 13.7-17.7) °. The risk for breast cancer
death was reduced by 3.8% (95% Cl 1.6-6.0) in the first 15 years after diagnosis of breast cancer for women
with radiotherapy. Although, the benefits of radiotherapy vary depending on characteristics of the patient,

including age at diagnosis, grade, ER status, use of tamoxifen, and extent of surgery °.

1.2.1 Radiotherapy treatment planning and techniques for female breast cancer

The delivery of radiotherapy for breast cancer changed substantially in the past 50 years. In older
treatment periods, radiotherapy was mainly applied with Cobalt-60 machines and treatment planning was
2D. The design of the beam was based on physical examination or fluoroscopy >’ 8. This type of
radiotherapy planning is referred to as conventional 2D radiotherapy. For conventional 2D radiotherapy
usually a single-plane hand generated contour through the center of the breast was planned. The
radiotherapy itself consisted of a single beam with boundaries delineated on orthogonal x-rays of the
patients. The single beam could be applied from one to four directions >°. The shaping of the beam was
limited with this technique and simple square or rectangle beams were typically used. The low conformity
of this technique resulted in high doses to adjacent healthy tissues or organs like the heart. This could lead

to treatment side effects . In addition, this could result in significant dose heterogeneity, especially for
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women with larger breasts ©!

. The introduction of computed tomography (CT) scans and more
sophisticated and precise 3D treatment planning methods have improved the irradiation of the breast
substantially ®2. 3D-conformal radiotherapy was proven as the preferred treatment planning in the late
1990s compared to conventional 2D radiotherapy ®. Based on 3D images, the treatment of the tumour
will be planned and the shapes of the radiation beam will be matched to the shape of the tumour. This
enables avoiding the healthy surrounding tissue including the heart as much as possible. The 3D images

are usually taken via one of the following imaging methods: CT, magnetic resonance imaging (MRI),

positron emission tomography (PET), or PET-CT scan %4

The common radiotherapy regime in 3D-conformal radiotherapy for breast cancer typically consists of a
total dose of 50 Gray (Gy) in 25 fractions of 2 Gy over 5 weeks (conventional fractionation). This
radiotherapy regime is based on the assumption that breast cancer is less sensitive to changes in the dose
per each fraction compared to the dose-limiting healthy normal tissue %. Following this assumption, a
sequence of small fractions (2 Gy) to a high total dose (50 Gy) spares the healthy tissue compared to the
breast cancer tissue and therefore is beneficial . During the 1980s an additional radiation boost dose was
applied in nearly every patient after whole-breast irradiation. The boost is an extra dose given to the
tumour bed and usually had a dose of 16 Gy ®. The boost was given to help improve local control of
recurrences. It comes at the cost of increased treatment costs and potential a worse cosmetic outcome ¢’.
For this reason, there has been a long ongoing debate about the clinical relevance of the use of a boost .
In a large randomized clinical trial overall survival and tumour recurrence and an additional boost of 16 Gy
after whole breast radiation of 50 Gy in 5 weeks after breast-conserving surgery in 1989-1996 were
assessed and reported for a 20-year follow-up . The authors did not find a positive effect on long-term
overall survival for an additional boost compared to no boost (hazard ratio (HR) 1.05, 95% Cl 0.92-1.19).
Nevertheless, they reported an improvement in local control in young patients and therefore conclude
that an extra radiation boost can be avoided in most patients >60 years of age . These results were

recently supported by a comprehensive Cochrane systematic review .

1.2.2 Exposure of the heart in female breast cancer radiotherapy

Besides the clear benefits of radiotherapy, it does inevitably involve unwanted radiation to normal tissues.
The esophagus, the lung and the heart are located near the clinical target volume of breast cancer
radiotherapy. Their anatomical position makes them organs at risk (OAR) for adverse treatment effects °.
lonizing radiation to the heart due to radiotherapy for breast cancer can potentially lead to micro- and

macrovascular damage. Microvascular damage can occur due to a decrease in capillary density, which can

8
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result in a reduced degree of potential collateral flow in the heart. These changes on a microvascular level
are mainly subclinical and appear soon after radiotherapy 7. On a macrovascular level, radiotherapy might
induce atherosclerosis of larger blood vessels. In contrast to the microvascular effects, this effect can take
years to decades until it becomes clinically significant ’. Evidence for an association of cardiac diseases and
high-dose ionizing radiation is strong and has been investigated by numerous epidemiological studies 7* 72,
In contrast, evidence for an association with low-dose radiation (<1 Gy) is less certain 3. In terms of a
pathophysiological mechanism biological plausibility for a radiation induced increased risk for heart
diseases is established. Radiation may lead to oxidative stress, which then results in inflammatory cell
infiltration. Followed by endothelial damage and fibrosis of the intima a hypercoagulable state can be

observed, which then causes atherosclerosis in the coronary arteries 747,

Studies on the effects of radiotherapy in female breast cancer patients with long-term follow-up revealed
an increased risk of cardiac death, which can be related to unwanted irradiation of the heart for older
radiotherapy regimes 7%, The changes from conventional 2D radiotherapy to 3D-conformal radiotherapy
resulted in a considerable reduction of the cardiac dose. In older regimes with conventional 2D treatment
planning and Cobalt-60 breast cancer radiotherapy regimes and internal mammary chain radiation, the
mean heart dose (MHD) for left-sided breast cancer was estimated to be 13.3 Gy and 4.6 Gy without
internal mammary chain irradiation. For right-sided breast cancer the dose was estimated to be 2.3 with
internal mammary chain irradiation and 1.2 Gy without 2. In contrast, results of an overview by Taylor et
al. 77 on 3D-conformal radiotherapy used in 2006 showed a decrease of the MHD to 2.3 Gy for left-sided
irradiation and 1.5 Gy for right-sided irradiation ”’. Therefore, Taylor et al. 7 conclude that, due to newer

techniques such as 3D-conformal radiotherapy clinicians were able to effectively reduce the cardiac dose.

Nevertheless, the heart remains exposed to ionizing radiation, also with 3D-conformal radiotherapy. The
amount of exposure does not only depend on the irradiation technique, but also substantially on tumour
laterality 7. On average, radiotherapy for left-sided breast cancer is associated with higher doses to the
heart compared to the right-sided breast cancer 78 In a dosimetry study on dose distribution in the
complete heart and functional heart regions, 769 female breast cancer patients in Germany were
investigated. These breast cancer patients received irradiation during 1998-2008, with 3D-conformal
radiotherapy, which is still the dominant approach compared to newer techniques, e.g., IMRT 78, The
average (median) volume weighted mean dose (DMEAN) was 4.6 Gy (3.7 Gy) for left-sided radiotherapy
and 1.7 Gy (1.4 Gy) for right-sided radiotherapy 8. Similar observations regarding tumour laterality and

dose to the heart were reported in numerous single studies and summarized in two systematic reviews ”°
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Another factor that needs to be taken into account is, that the heart is not a homogenous organ. Exposure
to ionizing radiation through breast cancer radiotherapy to specific functional substructures of the heart,
such as the coronary arteries, might be associated with characteristic late effects such as ischemic heart
disease 8. Ischemic heart disease was the predominant disease in previous international studies 7682 This
might indicate the coronary arteries as a critical structure for radiation induced cardiac late effects .. Part
of the major coronary arteries is the left anterior descending (LAD) artery. The LAD has a crucial role in the
perfusion of the myocardium. Therefore, myocardial necrosis and severe left ventricle impairment and
congestive heart failure might follow the occlusion of the LAD 8. In addition, the dose distribution during
radiotherapy for breast cancer is not homogeneous. Small regions of the heart such as the LAD can be
exposed to well over 20 Gy, even if the MHD is low ”’. For left-sided irradiated patients Taylor et al. ”’
reported an average mean dose of 2.4 Gy for the complete heart, while the LAD was exposed to 7.6 Gy for
3D-conformal radiotherapy regimes in 2006 in the United Kingdom (UK). In a Swedish case-control study,
including women treated with radiotherapy for breast cancer between 1992 and 2012 also high doses to
the LAD were observed 8. The median mean dose to the whole heart was 2.7 Gy in left-sided breast cancer
patients. At the same time, it was 10.6 Gy for the LAD in these patients. For patients with right-sided breast
cancer and radiotherapy the median MHD was 0.6 Gy and 1.6 Gy for the LAD 2. In a study from Germany
including patients with 3D-conformal radiotherapy several different heart structures were also
investigated ’8. The left anterior heart wall (LAHW), including the left main coronary artery and the LAD
received the highest doses. The average (median) exposure for the LAHW was 15.6 Gy (13.2 Gy) for left-
sided irradiation of the breast and 1.3 Gy (1.2 Gy). Similar results regarding an increased exposure in the
LAHW respectively the LAD was observed in an independent study by Taylor et al. %, even though the

treatment period included in Taylor et al. (1950s-1990s) is much older.

1.2.3 Recent developments in breast cancer radiotherapy

After the wide establishment of 3D-conformal radiotherapy in the late 1990s additional new developments
in breast cancer radiotherapy, e.g., Intensity Modulated Radiation Therapy (IMRT), were introduced. IMRT
was developed to further improve the target coverage of the tumour, dose homogeneity and reduction of
toxicity in healthy tissues 8. IMRT delivers highly conformal target doses and avoids high OAR doses.
Nevertheless, it can include radiation beams passing through the heart resulting in a “low dose bath” &,
In a recent multicenter prospective clinical trial effectiveness study 3D-conformal radiotherapy was
compared to IMRT. IMRT was shown to be beneficial in terms of reducing acute toxicity, compared to 3D-

conformal radiotherapy (odds ratio (OR) 0.64. 95% Cl 0.45-0.91) #. Nevertheless, large epidemiological
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studies on cardiac late effects on IMRT are not available yet. Further additional newer techniques that
were included in today’s radiotherapy regimes to reduce cardiac exposure are cardiac blocks, deep
inspiration breath holds, prone techniques, >’ and volumetric modulated arc therapy (VMAT) #. A cardiac
block implies a direct block of the heart in the radiation treatment field of the breast. The blocks are
contoured based on the shape of the heart on CT images or directly on the radiation beam’s eye views of
digitally reconstructed radiographs . Often a cardiac block is combined with deep inspiration breath hold
techniques to further reduce the exposure to the heart, especially for IMRT. Doses to the heart can change
due to respiratory motion resulting in an increased dose heterogeneity. Therefore, patients are guided to
hold their breath while radiotherapy is delivered, which results in the heart being pushed downside and
away from the radiotherapy field &. Another patient related technique to reduce exposure to the heart is
called prone technique. Conventionally, radiotherapy is applied while the patient is in supine position %,
Radiotherapy applied to a patient in prone position takes advantage of gravity. In prone position the breast
will be pulled away from the chest wall 8. Although, it is more challenging to immobilize patients in prone
positions and reproduce the patients position setup throughout the treatment . One other technique to
reduce exposure to the heart due to radiotherapy for breast cancer is VMAT. Radiation dose is applied
continuously as the treatment machine rotates around the patient. First introduced in 2007, VMAT is a so
called arc-based or rotational therapy, as the basic concept of VMAT is the delivery of radiation from a
continuous rotation of the radiation source. This allows the application of radiation to the patient from

full 360° beam angle #, with the potential downside of a “low dose bath” of healthy tissue *°.

Several clinical trials investigated the use of hypofractionated whole-breast irradiation as a newer
alternative to the conventional fractionation, namely The Standardisation of Breast Radiotherapy (START)
659192 and others %5, Hypofractionation includes higher but fewer single doses in combination with a
reduced total dose. The entire breast is treated with 2.5 Gy-3.20 Gy in 13-15 fractions over a period of 3-
5 weeks, resulting in 39 Gy-42.5 Gy in total > %. The combination of shorter treatment course, decreased
total dose and number of fractions results in lower costs and an increased patient convenience . Several

6591-93 96 showed

randomized trials in women with early-stage breast cancer and breast-conserving surgery
that hypofractionation was not inferior to the conventional fractionation and could offer similar rates of
tumour control and normal tissue damage. This means that breast cancer tissue might be just as sensitive

to fraction size as the dose-limiting healthy tissue %.
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1.2.4 German S3 guideline on radiotherapy of breast cancer

With regard to radiotherapy for breast cancer in Germany the official S3 guideline is an important source
of information for evidence-based therapy decision-making for clinicians . For patients with an invasive
carcinoma of the breast, the S3 guideline generally recommends radiotherapy after breast-conserving
surgery. However, for patients with a clearly limited life expectancy, which is mentioned as less than 10
years, and a small (pT1), nodal-negative (pNO), hormone receptor-positive HER2-negative tumour with
tumour-free surgical margins endocrine therapy and radiotherapy can be omitted . The S3 guideline
further recommends the application of moderate hypofractionation with a total dose of approximately 40
Gy in 15-16 fractions over a period of 3-5 weeks. Alternatively, conventional fractionation can be applied.
Because of the previously mentioned benefits of hypofractionation, the recommendation for
hypofractionation currently applies generally to all adjuvant radiotherapy of breast cancer without
affected lymphatic duct. However, if the lymphatic ducts should be irradiated, the guidelines recommends
conventional fractionation ¥’. Regarding a boost, the application of an additional boost to the tumour bed
is recommended for all patients <50 years of age. For patients older than 50 years, an additional boost

should only be applied in patients with a high risk for recurrences (e.g. HER2+ or triple negative) ¥’.

12



1 Background

1.3  Epidemiological studies on cardiac late effects in female breast cancer patients with

radiotherapy

Due to mammography screening and effective adjuvant therapy survival of female breast cancer patients
increased substantially 23. At the same time, the demographic transition towards an older population %
increases the risk group for breast cancer. Taken together, both developments lead to an expanding
population at risk for long-term health effects in breast cancer patients. This gives rise to an increasing
interest in cardiac late effects in female breast cancer patients %%, Cardiac diseases are already frequent
in the general population, and thus frequent in breast cancer patients, as well. In addition, anthracyclines,
the most common class of chemotherapeutic agents, as well as radiation exposure to the heart due to
radiotherapy may be cardiotoxic 1! 12, Because of the high baseline prevalence of cardiac disease, even
small radiotherapy-induced increases in cardiac risk in breast cancer patients can cause many additional
affected patients 1%, Cardiac disease accounts for up to 10.4% of all deaths among breast cancer patients
104 Therefore, cardiac late effects in the context of radiotherapy in breast cancer patients is a topic of
interest in many epidemiological studies. Epidemiological research in this area can be based on studies
using tumour laterality as a surrogate measure for the level of radiation exposure to the heart (Section

1.3.1), or on studies with individual heart dosimetry enabling for dose-response analysis (Section 1.3.2).

1.3.1 Studies on tumour laterality

In a number of epidemiological studies on radiotherapy in breast cancer patients and risk for cardiac late
effects tumour laterality is used as a proxy for radiation exposure to the heart. In older cohorts of the era
of conventional 2D radiotherapy no CT slides were available. Even when 3D-imaging data is obtainable in
newer cohorts, retrospectively assessing individual heart dosimetry is time consuming. Usually manually
contouring of each individual heart is needed, which is resource-intensive and is not part of the initial
radiotherapy treatment planning routine 1%, Therefore, tumour laterality is often used as a dose proxy for
radiation exposure to the heart. This approach reflects the evidence that patients with left-sided breast
cancer have higher heart-exposure from radiotherapy compared to patients with breast cancer on the
right side due to the anatomical position of the heart in the mediastinum. The use of laterality enables an
unbiased analysis in a quasi-randomized study design. Since tumour laterality is mostly random, unknown
confounders are distributed equally in both groups, left-sided and right-sided breast cancer patients 1%,
As a possible alternative proxy for radiation exposure to the heart, a straightforward comparison of

patients with radiotherapy and patients without radiotherapy would also be theoretically conceivable.

However, the comparison of patients with radiotherapy and without radiotherapy suffers from indication
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bias and self-selection effects outside from randomized trials as it is associated with disease
characteristics, patient characteristics, and patient preferences °. Therefore, comparing women with
radiotherapy and women without radiotherapy for breast cancer in order to assess a potential increased
risk for cardiac late effects due to ionizing radiation in epidemiological studies is hampered and tumour

laterality is considered a more robust comparison %7,

There are several epidemiological studies that analyzed the risk of radiotherapy for cardiac mortality based
on tumour laterality 103106108117 | general, the results of these studies are not completely consistent, but
there is arguably a pattern driven by the treatment period. Studies that included patients who received
radiotherapy in earlier treatment periods %1% tend to report increased risks for cardiac mortality in left-
sided breast cancer patients with radiotherapy compared to right-sided breast cancer patients. Darby et
al. 1% jdentified a significantly increased risk in women diagnosed between 1973-1982 in the US. The
highest mortality ratio for cardiac death was identified in subgroups with long-term follow-up of 10-14
years (mortality ratio (MR) 1.42, 95% Cl 1.11-1.82) and a follow-up of 215 years (MR 1.58, 95% Cl 1.29-
1.95) 1% _0On the contrary, in the same study no significant increased risk for cardiac mortality was observed
in women with left-sided radiotherapy compared to women with right-sided radiotherapy treated
between 1983-1992 and 1993-2001 1%, The authors argue that this might be due to lower cardiac doses
in more recent radiotherapy techniques. In addition, Darby et al. 1°® emphasize the need for a longer
follow-up. Especially, because the follow-up for the treatment period of 1993-2001 is relatively short and
analysis of long-term cardiac mortality was therefore only possible to a limited extend for this strata.
Likewise, in an extension of the study by Darby et al. 18 with additional follow-up until 2009, Henson et al.
199 confirmed the findings by Darby et al. 1%, They identified a significant increase in risk for cardiac
mortality in left-sided vs. right-sided breast cancer patients after radiotherapy for the years 1973-1980
with the highest risk in the strata with the longest follow-up of more than 20 years (MR 1.90, 95% Cl 1.52-
2.37). For more recent treatment periods again no increased risk was observed. Although, the follow-up
for the latest time period strata of 2003-2008 was still short, with less than 10 years (MR 1.00, 95% 1.03-

1.14) 1%, Studies that mainly included women with contemporary techniques in more recent years are

| 108 | 109

consistent with the findings of Darby et a and Henson et a regarding no to little evidence for an
increased mortality risk based on tumour laterality and radiotherapy. This is also supported by studies that
primarily focused on patients treated with contemporary techniques such as 3D-conformal radiotherapy
in breast cancer patients considering laterality as a proxy for radiation dose to the heart. Rutter et al. 11©
included over 344,000 patients through the National Cancer Database in the US. Patients were treated

from 1998-2006 and risk for mortality was identical for left-sided and right-sided cancers (HR 1.003, 95%
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Cl1 0.973-1.032). Although, this analysis was on overall mortality and not specific on cardiac mortality. In
addition, the follow-up with a median of 6.04 years is short. Especially in the light of the earlier findings by
Darby et al. 1 and Henson et al. 1%, indicating an increased risk for cardiac morality in the strata with
longer follow-up. Nevertheless, in a sensitivity analysis restricted to patients with a follow-up of at least
10 years, the result did not differ (HR 0.938. 95% Cl 0.855-1.029) compared to the main results. The
findings of no increased cardiac mortality risk in left-sided breast cancer patients vs. right-sided breast
cancer patients after radiotherapy are further supported by studies of McGale et al. 1%, Bouchardy et al.
112 Boero et al. 14, Li et al. 13, and Henson et al. 7. All these studies discuss their findings in regard to
their follow-up that might be too short to identify harmful effects of radiotherapy on cardiac mortality.
For this reason, it can be noted that studies with sufficiently long follow-up are still lacking when
investigating the effect of modern 3D-conformal radiotherapy. The issue of a limited follow-up was also
discussed in the so far only two studies from Germany on cardiac mortality in breast cancer patients after
treatment with modern 3D-conformal radiotherapy between 2001-2005 **> and 1998-2008 %6, The main

115 of the MARIEplus cohort was focused on the comparison of women with

analysis of Obi et al.
radiotherapy vs. women without radiotherapy. In a sensitivity analysis on tumour laterality including 1,200
women with a left-sided tumour and 1,159 women with a right-sided tumour no increased risk for cardiac
mortality was observed. Although, the authors did not report the risk estimates '*>. In Merzenich et al. ¢
the HR for cardiac mortality was 0.94 (95% Cl 0.64-1.38) for left-sided versus right-sided tumours based
on over 9,000 patients with 3D-conformal radiotherapy in 1998-2008. With a median follow-up of 6.5 years

and a maximum follow-up of 14 years Merzenich et al. ® also discussed the follow-up as possibly being

too short to detect long-term cardiac mortality reliably and therefore recommended a longer follow-up.

116

Beside studies on cardiac mortality, there are also studies focusing on the risk of cardiac morbidity and
tumour laterality in female breast cancer patients who received radiotherapy 103106 114118121 ‘Contrary to
studies on cardiac mortality, studies on cardiac morbidity revealed increased risks for both older and more
recent therapy regimes. In a large cohort study by Boekel et al. 18 70,209 female breast cancer patients
from the Netherlands were included. For the treatment period between 1989 and 2005 they identified a
slightly increased risk for any cardiovascular event for left-sided vs. right-sided radiotherapy after
mastectomy (subdistribution hazard ratio (sHR) 1.19, 95% Cl 1.04-1.36), including ischemic heart diseases,
valvular heart disease and congestive heart failure 8, Comparable results were reported in a study on
approximately 20,000 early-stage breast cancer patients in Denmark treated from 1977-2005 %, For this

study an increased incidence risk ratio (IRR) of 1.11 (95% CI 1.03-1.20) for all heart diseases were estimated
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comparing left-sided vs. right-sided irradiated patients. This effect was present in both older treatment
periods, i.e., 1977-1989 (IRR 1.24, 95% Cl 1.07-1.43) and more recent treatment periods including the
years 2001-2005 (IRR 1.15, 95% ClI 1.01-1.31). In stratified analyses for type of surgery the increased risk
was statistically significant for patients who underwent mastectomy (IRR 1.13, 95% Cl 1.01-1.26), but not
for breast-conserving surgery (IRR 1.10, 95% 0.99-1.22) °, Another study from Denmark also identified
similar risks for cardiac disease in both older treatment periods from 1976-1989 in left-sided vs. right-sided
irradiated women (IRR 1.08, 95% Cl 1.01-1.15) and more recent treatment periods from 1990 onwards
(IRR 1.09, 95% Cl 1.00-1.19) °¢.

On the other hand, there is also a number of studies that did not observe a significant increased risk for
long-term cardiac morbidity after radiotherapy in female breast cancer patients 103114120121 | 3 study
based on the Surveillance, Epidemiology, and End Results (SEER)-Medicine database including patients
treated in 2000-2009 no significant increased risk for cardiac morbidities was observed in left-sided vs
right-sided irradiated patients *. Cardiac morbidities included myocardial infarctions (sHR 1.05, 95% CI
0.98-1.13), coronary artery disease (sHR 1.04, 95% Cl 1.00-1.08), dysrhythmias (sHR 1.01, 95% CI 0.98-
1.04), and congestive heart failure (sHR 0.97, 95% Cl 0.92-1.04) . For cardiovascular diseases, no
statistically significant increased risk was identified in a study on 4,333 Korean breast cancer survivor
treated with radiotherapy in 1996-2010 following breast-conserving surgery comparing left-sided and
right-sided tumour laterality (HR 1.21, 95% CI 0.75-1.95) 1%, However, another large Danish study on early
breast cancer patients reported a statistically increased risk for left-sided irradiated patients for the
treatment period 1999-2007 (IRR 1.44, 95% ClI 1.07-1.94), but not for patients treated between 2008-2016
(IRR0.90,95% Cl 0.69-1.16) *2%. There is also one study from Germany on cardiac morbidity in breast cancer
survivor with radiotherapy using tumour laterality as a surrogate for cardiac dose . Based on a self-
administered questionnaire cardiac morbidity was assessed in 4,434 women with radiotherapy for breast
cancer in 1998-2008. No significant association of tumour laterality and cardiac morbidity after a median

follow-up of 8.3 years was observed (HR 1.07, 95% CI 0.89-1.29) %3,

1.3.2 Studies on dose-response relationship

Using laterality as a proxy for radiation exposure to the heart is sub-optimal compared to quantitative
heart dosimetry as the heart is not a homogenous organ and consists of different substructures (Section
1.2.2). There also is considerable variability in radiation exposure to the heart and its different functional
substructures during radiotherapy 8. Therefore, a more precise assessment of cardiac morbidity and

cardiac mortality in female breast cancer patients after radiotherapy should be based on the dose to the
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heart and related functional substructures 2. This also enables to estimate a potential dose-response
trend and derive information about the particular shape of a dose-response curve. However, compared to
the large body of evidence on tumour laterality and cardiac late effects in breast cancer patients, studies

7682122123

using dose estimates are sparse and for Germany so far non-existent.

In a landmark study, Darby et al. 7 investigated the association between long-term major cardiac events
(including myocardial infarction, coronary revascularization and death from ischemic heart disease) and
the heart dose from radiotherapy in breast cancer patients. They conducted a case-control study, involving
2,169 women from Sweden and Denmark for the treatment period 1958-2001. Estimated exposure to the
heart from radiotherapy in breast cancer patients was associated with an increased risk for long-term
major cardiac events by 7.4% per Gy (95% Cl 2.9%-14.5%) MHD with no apparent threshold 7®. During the
treatment period in this study conventional 2D radiotherapy was the prevailing treatment. Individual
radiotherapy charts, diagrams and photographs of the treatment field for each patient were obtained to
retrospectively simulate the radiotherapy regime applied to each woman. On a CT scan of a woman with
typical anatomy the individual information of the dose charts and other available information was applied.
Based on dose-volume histograms doses to the heart were reconstructed ’®. Lately, one study on 3D-
conformal radiotherapy have been published. Van den Bogaard et al. ® reported a 16.5% increase in
cumulative incidence (95% Cl 0.6%-35.5%) per Gy MHD for long-term cardiac major coronary events
(based on the same outcome definition as Darby et al. 7®). Although, in this study a more recent treatment
period is observed (2005-2008), the analysis is based on only 30 cases. This considerably limits the
reliability of the analyses, which is also expressed by the wide confidence interval of the risk estimates in
this study. There are two more case-control studies on this subject, however, again on older treatment

123 and the other is from Denmark 2. In the study from the

periods. One is from the Netherlands
Netherlands including patients mostly treated before 2000 in the period of 1970-2009 an increased risk of
6.4% (95% Cl 1.3% 16.0%) per 1 Gy MHD for myocardial infarctions was observed 23, In the Danish study
a 19% increase per 1 Gy MHD (95% Cl 1%-63%) for long-term major cardiac coronary events (using the
definition of Darby et al. ) was reported. This study does also include patients with older treatment
regimens starting from 1977 to 2005. Therefore, today data from studies on contemporary 3D-conformal

radiotherapy based on a sufficient number of cases and precise dosimetry is sparse, and completely

missing for Germany.

The presented international studies on cardiac late effects after radiotherapy in breast cancer patients
using individual cardiac radiation doses are mainly using the mean dose to the complete heart to

characterize cardiac radiation exposure 7682122123 Neyertheless, using the mean dose to the complete
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heart has limitations. The heart is not a homogeneous organ (Section 1.2.2). Therefore, damage to specific
functional substructures of the heart, such as the coronary arteries, including the LAD, might be associated
with characteristic late effects such as ischemic heart disease 3!. Ischemic heart disease was the
predominant disease in the previous international studies ®#2, which might indicate the coronary arteries
as a critical structure for radiation induced cardiac late effects #. This raises the open question if radiation
exposure to the LAD is a better predictor for cardiac late effects compared to the mean exposure of the
complete heart. In addition, alternative dose metrics for risk assessment of cardiac late-effects after breast
cancer radiotherapy are topic of ongoing research and discussion 2%, Recently, van den Bogaard et al. &
showed that the volume of the left ventricle receiving 25 Gy (V5Gy) might be a better predictor for long-
term major cardiac coronary events (outcome definition of Darby et al. 7®). They identified a small but
significantly increased HR of 1.016 (95% ClI 1.002-1.030) for V5Gy to the left ventricle. Although, the study
is based on only 30 cases. This hampers the reliability and robustness of the model used by van den
Bogaard et al. 8. Jacobse et al. 1?3 also looked at V5Gy as an alternative dose metric to the mean dose to
the complete heart. They observed a RR of 2.02 (95% 1.43-2.85) for myocardial infarction for >30% of the
heart receiving a dose of 25 Gy (V5Gy) compared to the reference category of <10% of the heart with
V5Gy. However, the dosimetry done in the study of Jacobse et al. 123 is subject to sources of uncertainty
regarding the cardiac dose. As most included women in this study were treated before the era of 3D-
conformal radiotherapy (>90% of included patients were treated before 2000) individual dosimetry data
through CT planning scans was not available. Therefore, solely based on reconstructed radiotherapy
regimes the exposure to the heart was estimated on the scan of a typical CT and not on individual scans
for each patient. This can lead to different dose estimates compared to the actual dose because of inter-

patient differences in anatomy 1%,
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1.4  Scope of this thesis

This cumulative PhD-thesis is based on two internationally published epidemiological articles that are
targeting important questions on cardiac late effects in female breast cancer patients after 3D-conformal
radiotherapy. In particular, the articles provide insight in risk for cardiac late effects in the German setting
for contemporary radiotherapy regimes with long-term follow-up and individual dosimetry. No results
from studies with similar scope and scale have been previously reported. Thus, the two articles’
contribution are especially valuable to inform medical decision making in the application of radiotherapy.

The main questions and scope of this thesis are outlined below.

Article I: Cardiac late effects after modern 3D-conformal radiotherapy in breast cancer patients: a

retrospective cohort study in Germany (ESCaRa) (Section 3)
In this article the following two research questions are targeted:

e Istherisk for long-term cardiac mortality increased in women with 3D-conformal radiotherapy for

left-sided breast cancer compared to women with right-sided breast cancer?

e Is the risk for long-term cardiac morbidity increased in women with 3D-conformal radiotherapy

for left-sided breast cancer compared to women with right-sided breast cancer?

In brief, to answer these research questions data of a cohort of 11,982 female breast cancer patients
treated between 1998 and 2008 in Germany was used (ESCaRa cohort, Section 2.1). Outcome data was
obtained based on a mortality follow-up until June 2018 and a morbidity follow-up due to a questionnaire
in 2014 and 2019 on cardiac morbidity after breast cancer treatment. To assess the effect of 3D-conformal
radiotherapy for breast cancer on cardiac mortality and cardiac morbidity, tumour laterality was used as
a proxy for radiation exposure to the heart. Multivariable cox proportional hazards regression analysis was
performed to assess the association of cardiac mortality and cardiac morbidity with tumour laterality.
Potential confounders including age at diagnosis, year of diagnosis, cardiac history, chemotherapy,
endocrine therapy and BMI were included in the model. For missing information on chemotherapy,
endocrine therapy and BMI multiple imputation using fully conditional specification method, assuming
data missing at random, was applied. To assess survival after radiotherapy Kaplan-Meier Method was
used. To compare survival of left-sided vs. right-sided radiotherapy Mantel-Haenzel (log-rank test) was

applied.
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Article |

Merzenich H, Baaken D, Schmidt M, Bekes |, Schwentner L, Janni W, Wockel A, Bartkowiak D,
Wiegel T, Blettner M, Wollschlager D, Schmidberger H. (2022). Cardiac late effects after modern
3D-conformal radiotherapy in breast cancer patients: a retrospective cohort study in Germany
(ESCaRa). Breast Cancer Research and Treatment 191: 147-157.
https://doi.org/10.1007/s10549-021-06412-3

Article II: A nested case-control study on radiation dose-response for cardiac events in breast cancer

patients in Germany (Section 4)
This article addresses the following two research questions:

e Is the risk for long-term cardiac events associated with mean dose from 3D-conformal
radiotherapy for female breast cancer to the complete heart or the left anterior heart wall (LAHW)

including the left anterior (LAD) coronary artery descending?

e s the risk for long-term cardiac events associated with the dose-volume metric V5Gy from 3D-
conformal radiotherapy for female breast cancer to the complete heart or the left anterior heart

wall (LAHW) including the left anterior (LAD) coronary artery descending?

In a cohort of 11,928 women (ESCaRa cohort, Section 2.1) treated with 3D-conformal radiotherapy for
breast cancer in Germany between 1998-2008, 494 cases who subsequently developed a cardiac event
after therapy were identified. A cardiac event was defined as either death from a cardiac cause such as a
cardiac infarction or the diagnosis of a cardiac disease such as congestive heart failure. Within a nested
case-control approach the 494 cases were matched to 988 controls using 1:2 incidence-density sampling
with replacement. Independently from the nested case-control study, a sample of 1,353 women from the
ESCaRa cohort representative in terms of age and tumour laterality was selected to estimate individual
heart dosimetry (Section 2.4). For 91 cases and 182 corresponding controls individually estimated volume
weighted mean dose (DMEAN) and V5Gy of the complete heart and the left anterior heart wall could be
extracted from the independent dosimetry sample. For the rest without individual dosimetry, doses were
imputed based on a prediction model. Separate multivariable conditional logistic regression models were
used to assess the association of radiation to the complete heart and the left anterior heart wall with

cardiac events. Further, analyses for V5Gy as an alternative dose metric were carried out.
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Article Il

Baaken D, Merzenich H, Schmidt M, Bekes |, Schwentner L, Janni W, Waockel A, Meyer M, Mose S,
Merz T, Ghilescu V, Renner J, Bartkowiak D, Wiegel T, Blettner M, Schmidberger H, Wollschlager
D. (2022). A nested case-control study on radiation dose-response for cardiac events in breast
cancer patients in Germany. The Breast 65: 1-7.

https://doi.org/10.1016/j.breast.2022.05.007

This cumulative PhD-thesis is structured as follows: First, the ESCaRa-Study (Epidemiological Study on
Cardiac late effects and second malignancies after Radiotherapy in breast cancer patients) is presented in
Section 2, as this study forms the basis for the analyses of this work and the related publications. Section
3 and Section 4 consist of the two articles of this thesis, preceded by some preliminaries that motivate

each article. Finally, in Section 5 a joint discussion of the two articles conclude the results of this thesis.
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2 The ESCaRa-Study

2 The ESCaRa-Study

The ESCaRa-Study is a retrospective multicenter cohort study with the aim to assess the long-term risk for
cardiac mortality and cardiac morbidity in female breast cancer patients in Germany treated with 3D-
conformal radiotherapy in 1998-2008. The ESCaRa-Study is an extension to the PASSOS Heart Study
(Personalized assessment of late health risks after radiation exposure for optimization of medical

application in medicine network) 103116,
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Figure 1: ESCaRa-Study profile

2.1  Study population

The cohort of the ESCaRa-Study consists of 11,982 female breast cancer patients with cancer treatment
between 01/1998 and 12/2008 (Figure 1). Treatment was carried out at Mainz University Medical Center’s
Department of Obstetrics and Gynaecology, at the Ulm University Hospital’s Department of Gynaecology
and Obestrics, or at one of 16 certified breast cancer centers in the vicinity of Ulm. Inclusion criteria were
a histologically confirmed primary and locoregional breast cancer, either an invasive carcinoma or
carcinoma in situ. Women with a primary metastatic disease or bilateral breast cancer were excluded.
Medical records were retrieved to abstract individual clinical data on breast cancer disease, therapy, and
comorbidities during the PASSOS Heart Study. Information on treatment data included type of surgery,
adjuvant systematic chemotherapy, adjuvant endocrine therapy, and detailed information on
administered adjuvant radiotherapy. In a mortality follow-up data on vital status and cause of death was
assessed until 06/2018 (Section 2.2) (Figure 1). Via a self-administered questionnaire in 2014 and 2019,

information on socio-demographic variables, lifestyle factors and incident cardiac events (cardiac
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morbidity) was collected (Section 2.3) (Figure 1). The patients received 3D-conformal radiotherapy in one
of the ESCaRa-Study centers at the University Medical Center in Mainz, Ulm or one 16 collaborative partner
clinics including information on tumour laterality of radiotherapy for all patients. For a selected dosimetry
sample of 1,353 patients from the ESCaRa-Study individual heart dosimetry was carried out retrospectively

(Section 2.4).

The ESCaRa-Study has been approved by the Ethics Committee of Rhineland-Palatinate, Mainz and the
Ethics Committee of the University of UIm. Use of patients’ hospital records and the conduct of a mortality
follow-up without written informed consent for the entire cohort of the ESCaRa-Study was approved by
the data protection officer of Rhineland-Palatinate. For the self-administered questionnaire, individual

informed consent was obtained.

2.2 Mortality follow-up

To receive information on vital status and cause of death, including cardiac death, individual mortality
follow-up was conducted for all 11,982 patients. The corresponding compulsory population registries of
the municipalities of the last known residences were contacted regarding vital status. Death certificates
were obtained via the local health authorities of the place of death. The underlying cause of death was
coded based on ICD-10. In an initial mortality follow-up in the PASSOS Heart Study vital status and cause
of death were assessed until December 2012, resulting in a median follow-up of 6.5 years with a maximum
of 14 years 116, For the ESCaRa-Study the follow-up was extended until 06/2018, resulting in an additional

5.5 years of systematic mortality follow-up (Figure 1).

2.3  Self-administered questionnaire

During the PASSOS Heart study a first questionnaire was mailed in 2014 to female breast cancer patients
who were treated in one of the study clinics and were reported alive 1 (Figure 1). The initial questionnaire
included 25 questions on socio-demographic variables, clinical diagnosis of cardiac diseases prior to the
breast cancer treatment, potential modifiable lifestyle factors for cardiac disease, cancer therapy, and
second primary cancers. Patients who refused to participate in the extensive questionnaire were asked to
fill out a short form with questions of incident cardiac events after breast cancer treatment. In 2019, a

second questionnaire was send out for the ESCaRa-Study to patients that participated in first questionnaire
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in 2014, were reported alive and gave permission for a second contact during the PASSOS Heart Study.

The questionnaire in 2019 was identical to the short form questionnaire in 2014 (Appendix A, S1).

2.4  Retrospective dosimetry

Among the 11,982 female breast cancer patients included in the cohort of the ESCaRa-Study 9,057 women
had radiotherapy treatment during 1998-2008 in one of the ESCaRa-Study clinics (Figure 1). Most patients
(>75%) with radiotherapy were treated after 2000 with slightly more patients treated for a left-sided
tumour (51.04%) than a right-sided tumour (48.96%). All women with radiotherapy in the cohort were
treated with 3D-conformal radiotherapy based on image slices from static CT without contrast
enhancement %, Standard treatment planning contained two tangential fields of 6 megavolt (MV)
photons. Supplementary, photons of 10 MV were used as a field-in-field application. Attending physicians
at the ESCaRa-Study clinics determined the tangential field boarders and angles to encompass the whole
palpable breast. For patients with mastectomy, the lateral field border was defined as the mid-axillary line,

and the medial field border as the midline 1.

A total radiation dose of 50 Gy was typically applied to the planning target volume. The total dose was
administered in 25 fractions with five fractions per week. To cover the internal mammary lymph nodes,
radiotherapy could also include a supraclavicular field as well as an anterior-posterior parasternal field
optionally 16, Patients who underwent breast-conserving surgery usually received an additional boost of
10 Gy to the tumour bed. Radiotherapy was applied with the patients being in a supine position,
immobilized on a breast board with both hands above the head 1. Additional techniques that are included
in today’s radiotherapy regimes to reduce cardiac exposure such as cardiac blocks, deep inspiration breath
holds, and prone techniques were not applied to the ESCaRa-Study patients in 1998-2008. Neither were
IMRT, VMAT or hypofractionation part of the standard radiotherapy treatment regimen for the ESCaRa-

Study patients at that time.

From the complete cohort of the ESCaRa-Study a dosimetry sample of 1,353 patients for individual heart
dosimetry was drawn randomly. To ensure representativeness of the drawn sample for the complete
cohort of the ESCaRa-Study, age at diagnosis, tumour laterality, and treatment center (Mainz, Ulm, or one
of the 16 partner clinics in the vicinity of Ulm) were taken into account for sampling. Retrospective
dosimetry was based on individual CT scans from initial treatment planning and comprehensive
information on the implemented radiotherapy fields. To receive individual dose-volume histograms for all

patients in the dosimetry sample a contouring atlas was applied 1%°. Contouring substructures were defined
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as geometrical surrogate volumes of anatomical structures, including the complete heart and the LAHW.
The complete heart was defined in accordance to the Radiation Therapy Oncology Group definition for
radiotherapy in breast cancer. The LAHW includes the LAD. Cumulative dose-volume histograms for each
patient of the dosimetry sample and heart structures were exported from the treatment planning software
Eclipse to the statistical environment R 78 125, Based on these dose-volume histograms the volume-
weighted mean dose (DMEAN) and the relative volume with a dose of 25Gy (V5Gy) for each patient of the

dosimetry sample was calculated 78
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3 Article I: Cardiac late effects after modern 3D-conformal radiotherapy in breast
cancer patients: a retrospective cohort study in Germany (ESCaRa)

3.1  Preliminaries Article |

As outlined (Section 1.3.1), studies on modern 3D-conformal radiotherapy with sufficiently long follow-up
to investigate cardiac late effects are missing, especially for female breast cancer patients in Germany. A
recent systematic review showed, that there is considerable heterogeneity among countries in Europe
(p=.004) with MHD ranging from 1.8 Gy to 9.5 Gy 7°. Therefore, regional differences in radiotherapy
practices and speed of implementation of newer techniques might be present, suggesting the importance

of country-specific assessment of cardiac risk in breast cancer patients with radiotherapy.

Article | reports results for cardiac mortality, cardiac morbidity, and overall survival based on an extended
mortality and morbidity follow-up of the ESCaRa-Study for female breast cancer patients with
contemporary 3D-conformal radiotherapy received during 1998-2008 in Germany. The extended follow-
up allows for a more accurate estimation of long-term cardiac effects after radiotherapy in female breast
cancer patients. In addition, an increased number of cases enables for more complex regression models
and finer stratified analyses incorporating e.g. duration of follow-up. This makes Article | an important
contribution to the body of evidence on cardiac late effects after modern radiotherapy in female breast
cancer patients based on a large cohort with comparable long follow-up, which is still sparse

internationally and unique for Germany.

3.2 Articlel
Merzenich H, Baaken D, Schmidt M, Bekes I, Schwentner L, Janni W, Wdockel A, Bartkowiak D,
Wiegel T, Blettner M, Wollschlager D, Schmidberger H. (2022). Cardiac late effects after modern
3D-conformal radiotherapy in breast cancer patients: a retrospective cohort study in Germany
(ESCaRa). Breast Cancer Research and Treatment 191: 147-157.
https://doi.org/10.1007/s10549-021-06412-3
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Abstract

Purpose Radiotherapy (RT) was identified as a risk factor for long-term cardiac effects in breast cancer patients treated until
the 1990s. However, modern techniques reduce radiation exposure of the heart, but some exposure remains unavoidable. In
a retrospective cohort study, we investigated cardiac mortality and morbidity of breast cancer survivors treated with recent
RT in Germany.

Methods A total of 11,982 breast cancer patients treated between 1998 and 2008 were included. A mortality follow-up was
conducted until 06/2018. In order to assess cardiac morbidity occurring after breast cancer treatment, a questionnaire was sent
out in 2014 and 2019. The effect of breast cancer laterality on cardiac mortality and morbidity was investigated as a proxy
for radiation exposure. We used Cox Proportional Hazards regression analysis, taking potential confounders into account.
Results After a median follow-up time of 11.1 years, there was no significant association of tumor laterality with cardiac
mortality in irradiated patients (hazard ratio (HR) for left-sided versus right-sided tumor 1.09; 95% confidence interval (CI)
0.85-1.41). Furthermore, tumor laterality was not identified as a significant risk factor for cardiac morbidity (HR =1.05;
95%CI 0.88-1.25).

Conclusions Even though RT for left-sided breast cancer on average incurs higher radiation dose to the heart than RT for
right-sided tumors, we found no evidence that laterality is a strong risk factor for cardiac disease after contemporary RT.
However, larger sample sizes, longer follow-up, detailed information on individual risk factors and heart dose are needed to
assess clinically manifest late effects of current cancer therapy.

Keywords Breast cancer - 3D-conformal radiotherapy - Cardiac mortality - Cardiac morbidity - Cohort study - Survival
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survival exceeds 80% in many countries [2], partly due
to earlier diagnosis and adjuvant therapies. Radiotherapy
(RT) is an important component of breast cancer treatment
and reduces local recurrence and breast cancer mortality
after breast conserving surgery [3]. Despite the benefit,
long-term cardiac side effects related to RT are of clini-
cal concern. Radiation-induced cardiotoxicity is caused by
lesions of the microvasculature or by conduction abnor-
malities and arrhythmias related to autonomic dysfunction
[4-6].

Observational studies have shown that breast cancer
patients with RT for left-sided tumors had higher risk for
coronary heart disease and cardiac mortality compared to
those with right-sided RT [7]. A review [8] based on studies
from 28 countries reported a mean dose to the whole heart
of 5.4 Gray (Gy) on average for left-sided breast cancer and
3.3 Gy for right-sided breast cancer. Assuming that tumor
laterality is almost completely random, observational stud-
ies comparing cardiac outcomes in women irradiated for
left- versus right-sided breast cancer may reveal the effect
of higher vs. lower radiation doses [9].

Clinical manifestations of cardiac outcomes after RT in
breast cancer patients seem to decrease with each decade
[7, 10]. Beginning in the late 1980s [11], advances in RT
including techniques such as 3D-treatment planning, and
respiratory gating have substantially reduced cardiac dose.
However, even modern RT may cause a cardiac risk [12]
since the heart remains exposed, mainly depending on tumor
laterality and individual anatomical risk factors [8, 12].
Studies with detailed information about individual cardiac
dose have shown a linear dose-response relationship [13,
14].

Assessing the long-term cardiac risk of patients treated
with modern RT requires decades of follow-up. The risk for
coronary heart disease started to increase within the first
decade after breast cancer and continued into the following
decades [13]. With a low number of events and the compet-
ing mortality risk from breast cancer, observational studies
require large sample sizes [10]. Furthermore, accounting
for individual patient risk factors requires detailed data on
cardiovascular comorbidity. Breast cancer patients can also
receive anthracyclines and other cardiotoxic drugs whose
effects on cardiovascular outcomes are difficult to disentan-
gle from those of RT [5].

The presented ESCaRa-Study (Epidemiological Study on
Cardiac late effects and second malignancies after Radio-
therapy in breast cancer patients) focused on cardiac mortal-
ity and cardiac morbidity in breast cancer patients in Ger-
many treated between 1998 and 2008 with contemporary
RT. ESCaRa continues the PASSOS-Heart Study [15, 16]
with additional 5.5 years of systematic mortality follow-up
and a second questionnaire survey on cardiac morbidity in
2019.

@ Springer
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Methods
Study design and study population

The ESCaRa-study is a retrospective multicenter cohort
study. Eligible breast cancer patients were diagnosed and
treated between 01/1998 and 12/2008 at Mainz University
Medical Center, at the Ulm University Hospital or at one of
16 partner clinics in the vicinity of Ulm. Inclusion criteria
were a histologically confirmed primary and loco-regional
breast cancer disease, either an invasive carcinoma or a car-
cinoma in situ (CIS). Since the focus was on breast cancer
patients with a good prognosis, women with primary meta-
static disease or bilateral breast cancer were not included.

Individual data on breast cancer disease, therapy and
co-morbidities were abstracted from the patients’ hospital
records: date of diagnosis, age at diagnosis, date of birth,
laterality, TNM-stage, histological subtype, grading, lym-
phatic and vascular invasion, and hormonal parameters.
Treatment information included type of surgery, adjuvant
systemic chemotherapy, adjuvant endocrine therapy, and
detailed information on administered adjuvant RT. Data on
first recurrences as well as on second primary tumors were
obtained. Furthermore, the history of malignant diseases
prior to breast cancer was abstracted.

Cardiac morbidities diagnosed at the time of breast cancer
treatment were recorded, if available from the pre-anesthetic
interview documentation: New York Heart Association
(NYHA) cardiac score at the time of surgery, history of myo-
cardial infarction, coronary heart disease, angina pectoris,
dysrhythmia, vitium cordis, stroke, and pacemaker.

Mortality follow-up and mortality endpoints

The individual follow-up was carried out by contacting
the corresponding compulsory population registry of the
municipality of the last known residence in order to assess
the vital status on June 30, 2018. Death certificates were
obtained from the local health authority of the place of
death. The underlying causes of death were coded accord-
ing to the 10th revision of the International Classification
of Diseases (ICD).

The definition of mortality endpoints was adapted
from [17]. The primary mortality endpoint is defined as
all deaths certified as heart disease (cardiac infarction
121-123; chronic ischemic heart disease 125.0-125.9;
acute ischemic heart disease 121.0-124.9; congestive heart
failure 150.0-150.9; angina pectoris 120.0-120.9; cardiac
arrest 146; dysrhythmias, conduction disorder 144.0-149.9;
vitium cordis 134.0-137.9). Additional analyses were car-
ried out for all-cause mortality (A00-Y98).
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Questionnaire survey and morbidity endpoints

In 2014, a questionnaire was mailed to former patients who
were reported alive. It contained 25 questions on sociode-
mographic variables, clinical diagnoses of cardiac illness
before or after cancer treatment, potential risk factors for
cardiac disease, the duration of hormonal therapy, and about
cancer recurrence. Patients who did not wish to complete
the extensive questionnaire could fill out a short form with
questions on cardiac illness and on cardiovascular risk fac-
tors (supplementary information: SI 1). In 2019, a second
questionnaire survey was conducted: the short form was sent
out to patients who (1) participated in the first survey, (2)
who were reported to be alive and (3) who gave permission
for a second contact.

An incident cardiac event was defined to be present if a
participant reported any of the following individual events
after breast cancer therapy: Myocardial infarction, angina
pectoris, congestive heart failure, arrhythmia, or valvular
heart disease [17].

RT techniques

The patients underwent RT at the University Medical Cent-
ers in Mainz, Ulm or at one of 16 collaborative partner clin-
ics, who had their own RT unit. The whole breast was treated
by three-dimensional conformal RT using two tangential
fields of 6 MV photons. The total radiation dose to the plan-
ning target volume typically was 50 Gy, administered in 25
fractions with 5 fractions per week. For breast conserving
treatment, an additional boost dose of 10 Gy was usually
delivered to the tumor bed. Optionally, RT could include
a supraclavicular field as well as an anterior—posterior par-
asternal field to cover the internal mammary lymph nodes
[18, 19]. Active breathing modalities or altered fractionation
were not applied in this cohort.

Statistical methods

Individual follow-up (time at risk) started with the date of
diagnosis of primary breast cancer. We included all diagno-
ses occurring since January 1, 1998. The end of the mortal-
ity follow-up was defined as the date of death, last informa-
tion date, or June 30, 2018, whichever occurred first. The
questionnaire-based assessment of morbidity included all
self-reported diagnoses occurring since January 1, 1998.
For patients who responded to the questionnaire, the end
of follow-up was defined as the event date (reported year of
cardiac diagnosis), last information date, or June 30, 2018,
whichever occurred first.

Missing information on chemotherapy, endocrine therapy
and body mass index (BMI) at diagnosis was imputed via
multiple imputation using fully conditional specification
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method, assuming data missing at random. We used SAS
procedures PROC MI and PROC MIANALYZE to create
20 imputed datasets, and pooled individual modeling results
based on the imputed datasets using Rubin’s Rule. Complete
case analyses were conducted as sensitivity analysis [20-23].

For patients who received RT, the Kaplan-Meier Method
was used to assess survival. Survival of patients with left-
vs. right-sided RT was compared by the Mantel-Haenszel
(log-rank) test [24]. Multivariable Cox-Regression was used
to assess the association of cardiac events with breast can-
cer laterality as a surrogate measure for the level of radia-
tion exposure [25]. Hazard ratios (HR) and corresponding
95%-confidence intervals (CI) were estimated. The signifi-
cance level was set at 5% without correction for multiple
testing. The analysis was adjusted for potential confounders
selected a-priori based on theoretical considerations (age
at breast cancer diagnosis, year of breast cancer diagnosis,
baseline cardiac morbidity (yes/no), application of chemo-
therapy (yes/no), application of endocrine therapy (yes/no),
and BMI). To allow for a potentially non-monotonic asso-
ciation of BMI with cardiac endpoints, BMI was included
as a cubic spline with four internal knots. The analysis was
restricted to patients with at least 1 year of follow-up, and
only cardiac deaths that occurred at least 1 year after breast
cancer diagnosis. Incident cardiac events were only consid-
ered if the reported calendar year was later than the year of
breast cancer diagnosis. If women participated in both sur-
veys, the first morbidity event was considered for the analy-
sis. The proportional hazards assumption was checked by
examining complementary log-log plots for categorical vari-
ables, and by assessing the correlation of scaled Schoenfeld
residuals with log survival time for continuous variables. For
a sensitivity analysis, data were censored at time of diagno-
sis of a recurrent event since additional RT or chemotherapy
may have occurred thereafter.

SAS for windows, version 9.4 (SAS Institute Inc., Cary,
North Carolina) was used for all analyses.

Results
Description of the cohort at baseline

A total of 11,982 women met the inclusion criteria. Most
patients were diagnosed after 2000 (Table 1). The mean age
at diagnosis was 60.9 years (range 18-101 years). A total
of 2925 (24.4%) patients received no RT. These women
were older on average (mean age 66.7 years) compared to
patients who were treated with RT (mean age 59.0 years).
Patients who did not receive RT had a higher percentage
of CIS compared to irradiated patients. This is consistent
with 67.4% of women in this group having had mastectomy
without adjuvant chemotherapy and a higher frequency of
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Table 1 Characteristics

of thesmdy popualatio by No radiation therapy Yes radiation therapy
radiotherapy group Right-sided Left-sided
Year of diagnosis
1998-2000 210(7.2%) 321 (7.2%) 334 (7.2%)
2001-2003 604 (20.6%) 710 (16.0%) 786 (17.0%)
2004-2006 1272 (43.5%) 1864 (42.1%) 1912 (41.4%)
2007-2008 839 (28.7%) 1539 (34.7%) 1591 (34.4%)
Age at diagnosis (years)
Mean 66.7 58.7 593
SD* 155 12.3 12.0
T-stage (N, %)
1 955 (32.6%) 2458 (55.4%) 2568 (55.6%)
2 986 (33.7%) 1427 (32.2%) 1454 (31.4%)
3 114 (3.9%) 151 (3.4%) 191 (4.1%)
4 188 (6.5%) 167 (3.8%) 174 (3.8%)
In situ 548 (18.7%) 176 (3.9%) 198 (4.3%)
Unknown 133 (4.6%) 55 (1.2%) 38 (0.8%)
N-stage (N, %)
0 1477 (50.5%) 2633 (59.4%) 2,738 (59.2%)
1 585 (20.0%) 1065 (24.0%) 1.094 (23.7%)
2 153 (5.2%) 380 (8.6%) 378 (8.2%)
3 76 (2.6%) 228 (5.1%) 244 (5.3%)
X 634 (21.7%) 128 (2.9%) 169 (3.6%)
Chemotherapy (N, %)
Yes 606 (20.7%) 2,254 (50.8%) 2,266 (49.0%)
No 2309 (78.9%) 2140 (48.3%) 2323 (50.3%)
Unknown 10 (0.4%) 40 (0.9%) 34 (0.7%)
Endocrine therapy (N, %)
Yes 1604 (54.8%) 3273 (73.8%) 3411 (73.8%)
No 1243 (42.5%) 1012 (22.8%) 1070 (23.1%)
Unknown 78 (2.7%) 149 (3.4%) 142 (3.1%)
Type of surgery
None 82 (2.8%) 16 (0.4%) 14 (0.3%)
Breast conserving 851 (29.1%) 3706 (83.6%) 3837 (83.0%)
Mastectomy 1971 (67.4%) 710 (16.0%) 772 (16.7%)
Unknown 21(0.7%) 2 (0.05%) 0 (0.0%)
History of cardiac disease” (N, %)
Yes 355 (12.1%) 383 (8.6%) 371 (8.0%)
No information 2570 (87.9%) 4051 (91.4%) 4252 (92.0%)
BMI” at diagnosis
<185 65 (2.2%) 69 (1.6%) 58 (1.3%)
18.5-249 1187 (40.6%) 1810 (40.8%) 1877 (40.6%)
25.0-29.9 801 (27.4%) 1364 (30.8%) 1426 (30.8%)
>30.0 454 (15.5%) 816 (18.4%) 869 (18.8%)
No information 418 (14.3%) 375 (8.5%) 393 (8.5%)
Total N=11,982 2925 (100%) 4434 (100%) 4623 (100%)

*SD standard deviation

“History of cardiac disease at the time of breast cancer diagnosis: cardiac infarction or coronary heart dis-
ease or angina pectoris or NYHA >3 or dysrhythmia or vitium cordis or pacemaker

YBMI body mass index
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previous cardiac disease compared to irradiated women.
More than 75% of the patients (n=9.057) received RT as
part of the primary treatment. Proportions of women with
left-sided or right-sided breast cancer among those with RT
were similar. The distribution of age at diagnosis, calendar
year of diagnosis, staging, the application of chemotherapy,
endocrine therapy and the type of surgery were similar for
left- and right-sided tumors. A history of cardiac disease was
confirmed in approximately 8% in both laterality groups.

In a randomly selected sample of 769 irradiated breast
cancer patients, electronic treatment planning records were
obtained. The average mean heart dose (median) was 4.6 Gy
(3.7 Gy) for left-sided RT, and 1.7 Gy (1.4 Gy) for right-
sided RT [18].

Mortality follow-up

Vital status of the cohort was observed until June 30, 2018
yielding a median follow-up period of 11.1 years. At the
end of the follow-up period, more than 65% of the former
breast cancer patients were still alive (Table 2). Among those
women who did not receive RT, the proportion of deaths was

51.8% compared to 27.9% in women with RT. For n=126
(3%) of deceased cohort members, no cause of death could
be ascertained.

The median survival time among women with RT was
11.4 years (Fig. 1). The overall survival was equivalent
between left- and right-sided irradiation at 5-, 10-, and
15-year follow-up increments. The 20-year overall survival
was 59% (95%C155.2-62.8) in right-sided and 55% (95%CI
48.2-60.8) in left-sided tumors. This result was based on 56
cases only.

Association between radiotherapy and mortality

Figure 2 shows the association of laterality with cardiac
mortality when controlling for confounders and effect-
modifiers. In RT-patients, there was no evidence for an
effect of laterality. The HR of cardiac mortality for left-
sided vs. right-sided RT was 1.09 (95%CI 0.85-1.41). A
history of cardiac disease and higher age at diagnosis were
associated with significantly increased cardiac mortality,
while chemotherapy was not a significant risk factor. After
stratification for the length of follow-up, a statistically not

Table 2 Overall survival of
the ESCaRa-cohort (end of

Radiotherapy no (n, %)

Radiotherapy yes (n, %) All (N)

observation June 30, 2018) Alive 1382 (47.3%) 6435 (71.1%) 7817 (65.2%)
Dead 1514 (51.7%) 2523 (27.9%) 4037 (33.7%)
Lost to follow-up 29 (1.0%) 99 (1.0%) 128 (1.1%)
Total 2925 (100%) 9057 (100%) 11,982 (100%)
Fig.1 Overall survival of 10 T e
patients with radiotherapy ogrank p=2.
compared by tumor laterality. 0.9~
Shaded areas: 95% confidence 08
intervals '
® 07-
2
S 06
@
2 o5
5
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g 0.4
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O 03+
02+
0.1
0.0~ 1 T T
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right 4402 3984 3142 554 38
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Fig.2 Multivariate cox regres-
sion: hazard ratios with 95%
confidence intervals for cardiac
mortality risk in breast cancer
patients with radiotherapy. BMI
body mass index: adjustments
by using restricted cubic splines
with four internal knots, C/
confidence interval

Tumor left [vs. right]

Age at diagnosis

Year of diagnosis

Cardiac history yes [vs. no]

Chemotherapy yes [vs. no] -

Variables

Endocrine therapy yes [vs. no]

BMI icient 1

*

L 2

*

BMI coefficient 2

BMI coefficient 3

0.75

1 125 15

Hazard Ratio and 95% CI

175 2 225

BMI, Body Mass Index: adjustments by using restricted cubic splines with 4 internal knots;

Cl, Confidence Interval

significant increased risk for cardiac mortality due to lat-
erality was detected for an observational period of more
than 10 years (HR=1.35 [95%CI 0.88-2.06]) (Table 3).
Sensitivity analyses with censoring at the time of a recur-
rent event and a complete case analysis did not reveal any

Table 3 Multivariate cox
regression: cardiac mortality
risk in breast cancer patients
with radiotherapy and
stratification for duration of
follow-up

@ Springer

different results (SI 2, SI 3). For overall mortality (SI 4),
there was no evidence for an effect of laterality in patients
treated with RT (HR =0.97; 95%CI 0.90-1.05). However,
in contrast to cardiac mortality, chemotherapy was a sig-
nificant risk factor for overall mortality (HR=1.51, 95%CI

1.39-1.65).
Duration of follow-up

All* >1-<10 ymrsb > 10 years®

HR 95%CI HR 95%CI HR 95%C1
RT. left vs. right 1.09 (0.85-1.41) 0.99 (0.72-1.36) 1.35 (0.88-2.06)
Age at diagnosis 1.21 (1.19-1.23)* 1.15 (1.12-1.18)* 1.21 (1.17-1.26)*
Year of diagnosis 1.02 (0.96-1.08) 0.86 (0.81-0.91)* 1.13 (1.00-1.28)
Cardiac history (yes/no) 142 (1.03-1.97)* 0.99 (0.64-1.54) 191 (1.16-3.15)*
Chemotherapy (yes/no) 1.17 (0.83-1.65) 0.86 (0.53-1.39) 1.60 (0.97-2.66)
Endocrine therapy (yes/no) 1.09 (0.77-1.54) 0.92 (0.61-1.38) 1.71 (0.90-3.26)
BMI coefficient 1** 0.97 (0.85-1.12) 0.95 (0.81-1.11) 1.02 (0.81-1.30)
BMI coefficient 2 1.01 (0.93-1.09) 1.02 (0.94-1.11) 0.95 (0.82-1.10)
BMI coefficient 3 1.00 (0.86-1.15) 0.97 (0.84-1.13) 1.11 (0.86-1.43)

BMI body mass index, 95%CI 95% confidence interval, HR hazard ratio, RT radiotherapy

*Statistically significant

#*BMI coefficient: adjustments for BMI by using restricted cubic splines with four internal knots

# Analysis based on 8982 patients: total cohort (N=11,982) with at least 1-year follow-up (11,719), with
radio therapy (8982); n=240 cases of cardiac mortality

® Analysis based on N 2539 individuals with 152 cases of cardiac mortality

¢ Analysis based on N 6443 and 88 cases of cardiac mortality
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Morbidity follow-up

In 2014 atotal of 5388 questionnaires were received (median
follow-up period 8.3 years). The second questionnaire sur-
vey had a total of 1.831 responders with a median follow-up
of 12.5 years.

Among responders who were treated with RT, at least
one incident cardiac event after breast cancer therapy was
reported by 497 individuals (from both surveys). Arrhythmia
was the most frequent event with an almost equal distribu-
tion according to laterality with 12.6% of women with a
left-sided tumor (yes 288, no 2,005) and 12.0% of those with
a right-sided tumor (yes 261, no 1,920). Myocardial infarc-
tion was reported by 2.5% of women (yes 58, no 2,235) with
a left-sided tumor and by 1.7% (yes 38, no 2,143) of those
with a right-sided tumor.

Association between radiotherapy and cardiac
morbidity

Tumor laterality as a surrogate for radiation exposure was
not identified as a significant risk factor for any type of car-
diac event (Fig. 3). The hazard ratio for left-sided vs. right-
sided tumors was 1.05 (95%CI 0.88-1.25). Significant risk
factors for cardiac morbidity included a history of cardiac
disease at baseline and chemotherapy. Age at diagnosis of
breast cancer is a significant risk factor for cardiac morbid-
ity (HR=1.02; 95%CI 1.01-1.03). Sensitivity analysis did

not reveal a significantly higher risk for left-sided RT com-
pared to right-sided RT after more than 10 years of follow-
up (Table 4).

Discussion

The ESCaRa-Study investigated the relationship between
3D-conformal RT and long-term cardiac mortality and mor-
bidity risk in a cohort of 11,982 patients treated between
1998 and 2008 in Germany. We evaluated the impact of left-
sided vs. right-sided radiation as a proxy measure for the
exposure of the heart to ionizing radiation.

Main results

A multivariate analysis revealed no evidence for an effect
of laterality on cardiac mortality in 9057 women treated
with RT (HR, left-sided vs. right-sided tumor 1.09; 95%CI
0.85-1.41) after a median follow-up time of 11.1 years.
Tumor laterality was not identified as a significant risk
factor for incident cardiac morbidity (HR = 1.05; 95%ClI
0.88-1.25).

Comparison to earlier studies

A Surveillance, Epidemiology and End Results Study
(SEER) evaluated the difference in cardiac mortality among

Fig.3 Multivariate cox regres- Tumor left [vs. right] [ " ~—
sion: hazard ratios with 95%
confidence intervals for cardiac
morbidity in breast cancer Age at diagnosis - »
patients with radiotherapy. BMI
body mass index: adjustments
by using restricted cubic splines Year of diagnosis *
with four internal knots, CI
confidence interval v
Cardiac history yes [vs. no] - t - !
"
@
= Chemotherapy yes [vs. noj S —
s
Endocrine therapy yes [vs. no] ; > i
BMI coefficient 1 —e—
BMI coefficient 2 ——
BMI coefficient 3 —— ) i
0.75 1 1.25 15 1.756 2

Hazard Ratio and 95% ClI
BMI, Body Mass Index: adjustments by using restricted cubic splines with 4 internal knots;

Cl, Confidence Interval
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Table 4 Multivariate cox
regression: cardiac morbidity

Duration of follow-up

risk in breast cancer patients All* > 1-<10 years” > 10 years®

with radiotherapy and

stratification for duration of HR 95%Cl HR 95%Cl HR 95%CI

follovsup RT, left vs. right 105  (0.88-125) 094  (0.77-1.15) 109 (0.73-1.63)
Age at diagnosis 102 (1.01-1.03)* 101  (1.00-1.02y*  1.02  (1.00-1.04)*
Year of diagnosis 0.99 (0.95-1.02) 0.77 (0.75-0.80)* 0.88 (0.80-0.97)*
Cardiac history (yes/no) 1.39 (1.05-1.84)* 1.19 (0.87-1.64) 0.96 (0.49-1.90)
Chemotherapy (yes/no) 1.25 (1.03-1.52)* 1.14 (0.92-141) 1.20 (0.77-1.86)
Endocrine therapy (yes/no) 097 (0.78-1.21) 0.82 (0.64-1.06) 0.98 (0.59-1.60)
BMI coefficient 1#%* 1.00 (0.92-1.09) 0.98 (0.89-1.08) 1.06 (0.86-1.31)
BMI coefficient 2 1.01 (0.95-1.07) 1.00 (0.95-1.06) 1.00 (0.86-1.16)
BMI coefficient 3 0.99 (0.88-1.11) 1.00 (0.90-1.10) 0.99 (0.75-1.30)

BMI body mass index, 95%CI 95% confidence interval, HR hazard ratio, RT radiotherapy

*Statistically significant

**BMI coefficient: adjustments for BMI by using restricted cubic splines with four internal knots

“Analysis based on 4379 patients: total sub-cohort (5388) with at least 1-year follow-up (5280), who
received radio therapy (4379): n=497 cases of incident cardiac morbidity

® Analysis based on N 883 individuals with 402 cases of cardiac morbidity
¢ Analysis based on N 3496 and 95 cases of cardiac morbidity

breast cancer patients who received RT. For women irradi-
ated with contemporary techniques and in more recent years
(1993 +), there was little evidence for an increased cardiac
mortality considering laterality as a proxy for the radiation
exposure of the heart [26, 27]. This finding was supported by
Li et al. [28] who analyzed SEER-data of more than 168,000
breast cancer patients diagnosed between 2000 and 2008.
After a median follow-up time of 8.8 years, no association
between tumor laterality and cardiac-related mortality was
found. Investigations of smaller cohorts agree with these
observations [29-31], suggesting that newer RT techniques
may not increase the cardiac mortality risk. A large cohort
study with a total of 1,934,248 breast cancer patients from
22 countries evaluated the difference in cardiac mortality
among left and right breast irradiated women [9]. Consider-
ing all women diagnosed 1990-2002 the cardiac mortality
rate ratio left vs. right was not significantly different from
unity (Relative Risk=0.98; 95%CI 0.93-1.02). The mean
length of follow-up was 6.7 years which might explain the
lack of evidence [9]. Overall, our results on cardiac mortal-
ity and modern RT in German breast cancer patients are
consistent with the results of earlier studies. However, even
a median follow-up period of 11.1 years might not to be suf-
ficient to detect a possible excess mortality.

Studies on tumor laterality as a potential risk factor for
cardiac morbidity in patients treated after 1990 show incon-
clusive results. Studies in older women aged 65 + found no
significant increase in heart disease [30, 32, 33]. Registry-
based studies included the full age range of breast cancer
patients [34-36] and indicated a moderately increased
risk, based on large sample sizes. Among Danish patients
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irradiated with modern RT (2008-2016), the incidence
rate ratio for cardiac event (left vs. right-sided) was 0.90
(95%CI 0.69-1.16) after a median follow-up of 6.9 years
[37]. The ESCaRa-Study failed to demonstrate an increased
risk of cardiac morbidity following left breast RT in German
patients, even after a follow-up period of 12 years.

Confounding and interaction

Rehammar et al. [36] have shown that anthracycline-based
chemotherapy further raises the risk of heart disease in left-
sided compared to right-sided irradiation. In the ESCaRa-
cohort only 50% of the irradiated patients received adju-
vant chemotherapy. We found a risk increase for cardiac
outcomes related to chemotherapy, but without statistical
significance for cardiac mortality. However, chemotherapy
was a statistically significant risk factor for all-cause mortal-
ity (HR=1.51; 95%CI 1.39-1.65). This observation might
be related to confounding by indication and competing risks:
a severe breast cancer disease associated with a poorer prog-
nosis indicates the application of chemotherapy. An unfa-
vorable cancer staging and worse survival might remove
a subject from being at risk for long-term cardiovascular
disease or cardiovascular death.

Obesity is one of the most frequently reported risk fac-
tor for cardiovascular disease [38] and an established risk
factor for postmenopausal breast cancer [39].The presented
cohort did not identify BMI as significant cardiac risk fac-
tors. While BMI was not a statistically significant risk fac-
tor for cardiac mortality in multivariate analysis, BMI <20
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and > 23 were descriptively associated with higher risk
which flattened at BMI > 28 (SI 5).

Strengths and limitations

The ESCaRa-Study permitted an effective mortality follow-
up (loss to follow-up 1.1%) and a comprehensive ascertain-
ment of cause of death (completeness 97%). The available
information on morbidity endpoints in the present study
comes from a questionnaire survey with a moderate to high
response rate (58.9% first survey 2014; 80% follow-up sur-
vey 2019). Further strengths of the present study include the
extensive clinical documentation of breast cancer patients
treated in certified breast centers. By including a compa-
rably large number of observed cardiac events (240 cases
of cardiac mortality; 497 cases of cardiac morbidity), the
statistical model could adjust for several cardiac risk factors
that are potential modifiers for the effect of tumor laterality
on risk for late cardiac events.

The median mortality follow-up time in the ESCaRa-
Study was 11.1 years, the median follow-up period for mor-
bidity endpoints was 12.4 years. No statistically significant
evidence for an increased risk of cardiac mortality or car-
diac morbidity in irradiated women was found. It is possible
that the follow-up period was too short to detect long-term
adverse health hazards of RT. The risk for coronary heart
disease started within the first decade, whereas the risk for
cardiac death started from the second decade after RT [7].

When deriving inferences from questionnaire survey
data, it is important to consider any self-selection bias. The
second survey (2019) focused on responders of the first sur-
vey, who gave permission for being contacted again. This
diminished the targeted sample and may have introduced
selection of healthy survivors. Survey participants, espe-
cially those who participated in both surveys, may have been
motivated by a higher interest in late cardiac effects which
might be associated with a healthier life-style compared to
non-responders. Furthermore, self-reported events may be
prone to information bias due to restrictions in memory, a
lack of fully understanding medical diagnoses, or selective
reporting [40]. However, a validation study revealed moder-
ate to fair agreement between self-reported events compared
with medical records from general practitioners [41].

Finally, laterality is a crude proxy measure for the expo-
sure of radiation to the heart. In terms of an increased risk of
heart disease many years after irradiation, scientific efforts
are needed to investigate susceptible regions and structures
of the heart, to assess exact cardiac doses, and to ascertain
a possible threshold and dose-response relationship. In the
future, it is essential to individualize treatment according to
tumor characteristics, treatment modalities (endocrine and
immunotherapy) and patients characteristics [42, 43].

35

Conclusions

The population-based ESCaRa-study offers continued sup-
port for the efficacy of modern breast cancer treatment. We
found no indication that radiotherapy for left-sided breast
cancer in German patients is a strong limiting factor for
survival in the first decade after breast cancer therapy.
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tary material available at https://doi.org/10.1007/s10549-021-06412-3.
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4 Article II: A nested case-control study on radiation dose-response for cardiac
events in breast cancer patients in Germany

4.1 Preliminaries Article Il

As described (Section 1.3.2), studies using individual dose estimates to assess the risk for cardiac late
effects in female breast cancer patients are sparse and mainly include radiotherapy treatment before 2000
where conventional 2D radiotherapy was still present’82122123 and for Germany so far non-existent. With

Article Il of the cumulative PhD-thesis this research gap for Germany is targeted.

The nested case-control study, presented in Article I, includes 494 cases and 988 matched controls treated
with 3D-conformal radiotherapy for breast cancer in Germany in 1998-2008, making it the second largest
study published on this topic. Over 75% of the cases and controls were treated after 2000, which is in
combination with the size of the study up to this point unique internationally. In Article Il dose-response
analyses for the complete heart and the LAHW including the LAD are presented. For both, the complete
heart and the LAHW analyses for DMEAN and V5Gy were carried out. Heart dosimetry was done for a
sample of patients from the same cohort the case-control study is nested in (ESCaRa-Study) (Section 2.4).
Contouring of the heart and the LAHW including the LAD was performed according to a heart atlas

developed for retrospective epidemiological studies '?°

, with good inter-observer contouring agreement
with respect to structure geometry and dose to the LAHW. Based on cumulative dose-volume histograms
for each patient and heart structure the DMEAN and V5Gy was calculated 7. For 91 cases and 182 controls
of the 494 cases and 988 controls individual estimates for DMEAN and V5Gy values for the complete heart
and the LAHW could be extracted from the dosimetry sample. For the remaining 403 cases and 806
controls that were not part of the dosimetry sample doses were imputed based on a validated prediction

model 1%

4.2  Articlell
Baaken D, Merzenich H, Schmidt M, Bekes |, Schwentner L, Janni W, Wockel A, Meyer M, Mose
S, Merz T, Ghilescu V, Renner J, Bartkowiak D, Wiegel T, Blettner M, Schmidberger H,
Wollschlager D. (2022). A nested case-control study on radiation dose-response for cardiac

events in breast cancer patients in Germany. The Breast 65: 1-7.
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ABSTRACT

Keywords:

Breast cancer
Radiotherapy

Cardiac mortality
Cardiac morbidity
Nested case-control study
Dose-response analysis

Background: Previous studies with the majority of breast cancer (BC) patients treated up to 2000 provided evi-
dence that radiation dose to the heart from radiotherapy (RT) was linearly associated with increasing risk for
long-term cardiac disease. RT techniq changed sub ially over time. This study aimed to investigate the
dose-dependent cardiac risk in German BC patients treated with more contemporary RT.

Methods: In a cohort of 11,982 BC patients diagnosed in 1998-2008, we identified 494 women treated with 3D-
conformal RT who subsequently developed a cardiac event. Within a nested case-control approach, these cases
were matched to 988 controls. Controls were patients without a cardiac event after RT until the index date of the
corresponding case. Separate multivariable conditional logistic regression models were used to assess the asso-
ciation of radiation to the complete heart and to the left anterior heart wall (LAHW) with cardiac events.
Results: Mean dose to the heart for cases with left-sided BC was 4.27 Gy and 1.64 Gy for cases with right-sided BC.
For controls, corresponding values were 4.31 Gy and 1.66 Gy, respectively. The odds ratio (OR) per 1 Gy increase
in dose to the complete heart was 0.99 (95% confidence interval (CI): 0.94-1.05, P = .72). The OR per 1 Gy
increase in LAHW dose was 1.00 (95% CI: 0.98-1.01, P = .68).

Conclusions: Contrary to previous studies, our study provided no evidence that radiation dose to the heart from
3D-conformal RT for BC patients treated between 1998 and 2008 was associated with risk of cardiac events.

1. Introduction

radiation dose [5]. Nevertheless, the heart remains exposed to ionizing
radiation mainly depending on tumor laterality and individual anatomic

A cornerstone in breast cancer (BC) therapy, radiotherapy (RT) re-
duces local recurrence and BC-related mortality [1,2]. However,
RT-induced risk for cardiac events is of clinical relevance to a growing
number of long-term survivors [3]. Advances in RT, including improved
treatment planning based on 3D-CT imaging [4], have reduced cardiac

risk factors [6]. On average, RT for left-sided BC is associated with
higher radiation dose to the heart compared to right-sided BC [7]. Some
studies have indicated an increased risk for radiation-induced cardiac
effects based on tumor laterality [8,9], while others have not [10,11].
However, using laterality as a surrogate measure of exposure ignores
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large within-group heterogeneity of radiation doses in left-sided irra-
diated patients due to differences in individual anatomy and in radiation
field geometry [7]. Therefore, dose-response analyses based on indi-
vidual cardiac radiation dose estimates are better suited to quantify the
radiation-induced cardiac risk. Darby et al. [12] showed a linear
dose-response relationship between the mean dose to the whole heart
(MHD) and risk of major coronary events in BC patients who received RT
between 1958 and 2001 [12]. Of all included patients 76.3% were
treated up to 1990, clearly before modern treatment planning came into
widespread use. Furthermore, a systematic review and pooled analysis
of 75 clinical trials with 40.781 patients mainly treated before 1990 and
random assignment to RT of breast cancer patients identified an
increased risk for cardiac mortality (rate ratio 1.30, 95% confidence
interval (CD) 1.15-1.46) [13].

Using MHD to characterize cardiac radiation exposure has limita-
tions since the heart is not a homogeneous organ. Damage to certain
functional substructures, such as the coronary arteries, might be asso-
ciated with characteristic late effects like ischemic heart disease [14].
Current studies raise the question whether dose to the left anterior
descending (LAD) coronary artery is a better predictor for cardiac late
effects compared to the MHD [15] because of the major role of the LAD
in myocardial perfusion [14]. Furthermore, the heterogeneity of the
cardiac dose distribution should be taken into account. Small regions of
the heart in patients with left-tangential RT receive doses of >20 Gy
even when MHD is low [5]. Using altemnative dose metrics for risk
assessment is also currently being investigated [16]. In a recent study
[171, the volume of the left ventricle receiving >5 Gy (V5Gy) was shown
to be a better predictor than MHD for acute coronary events in patients
with BC. Jacobse and colleagues [18] identified an association between
V5Gy for the complete heart and the rate of myocardial infarction.
However, their results did not indicate that V5Gy was a better predictor
compared to MHD.

Data about the risk of cardiac late effects in BC patients with
contemporary RT based on individual heart dosimetry is still sparse.
Here, we present the results of a nested case-control study to investigate
a potential dose-response relationship between cardiac radiation expo-
sure and cardiac late events in women diagnosed with BC between 1998
and 2008 in Germany, of whom >75% were treated after 2000.

2. Material and methods
2.1. Cohort population

The case-control study is nested within the ESCaRa cohort study
(Epidemiological Study on Cardiac late effects and second malignancies
after Radiotherapy in breast cancer patients) of 11,982 female BC pa-
tients [19]. Among them, 9057 (75.6%) were treated with 3D-conformal
RT between 1998 and 2008 at Mainz University Medical Center's
Department of Obstetrics and Gynaecology, Ulm University Hospital's
Department of Gynaecology and Obestrics, or at one of 16 certified
breast centers in the vicinity of Ulm. We included patients with histo-
logically confirmed primary and locoregional BC, either an invasive
carcinoma or a carcinoma in situ. We excluded patients with primary
metastatic disease or bilateral BC. Details of the cohort were published
previously [10,11]. In short, individual clinical data on disease char-
acteristics, therapy, and comorbidities were obtained from patients’
hospital records. These included date of birth and date of diagnosis,
tumor laterality, TNM-stage, histological subtypes, grading, lymphatic
and vascular invasion, hormonal status (estrogen and progesterone re-
ceptor), and treatment details.

An individual mortality follow-up was carried out to ascertain the
vital status as of December 2012 via the compulsory municipal popu-
lation registries of the patients” last known residences. The underlying
cause of death was coded according to the 10th revision of the Inter-
national Classification of Disease (ICD), based on death certificates from
local health authorities. Data on cardiac morbidity were assessed via a
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self-administered questionnaire in 2014 [11].

2.2. Nested case-control study

Cases and controls were selected among patients of the cohort who
received 3D-conformal RT and had at least one year of follow-up. We
applied 1:2 incidence-density sampling of controls with replacement
[20]. Cases were defined as patients with RT who experienced a cardiac
event later than the calendar year of their BC diagnosis. We distin-
guished two types of cardiac events: Either a self-reported incident event
of cardiac morbidity from the questionnaire in 2014, or cardiac mor-
tality until December 31st° 2012. Cardiac morbidity included myocar-
dial infarction, angina pectoris, congestive heart failure, dysrhythmias
or valvular heart disease. Cardiac mortality was defined as the following
causes of death: cardiac infarction (ICD 121-123), chronic ischemic heart
disease (ICD 125.0-25.9), acute ischemic heart disease (ICD
121.0-124.9), congestive heart failure (ICD 150.0-150.9), angina pectoris
(ICD 120.0-120.9), cardiac arrest (ICD 146), dysrhythmias and conduc-
tion disorder (ICD 144.0-149.9), and vitium cordis (ICD 134.0-137.9)
[21].

Iiradiated patients were eligible as controls if they had not experi-
enced the type of cardiac event as the index case (cardiac morbidity or
cardiac mortality) at the corresponding follow-up time of the event of
the index case. Controls were matched based on their age at BC diagnosis
(5-year age categories), year of BC diagnosis (5-year categories), the
study center (Mainz, Ulm, partner clinic), and presence of a cardiac
comorbidity at the time of the BC diagnosis. These baseline cardiac
comorbidities were defined as having a New York Heart Association
(NYHA) cardiac score >3 or a history of myocardial infarction, coronary
heart disease, angina pectoris, dysrhythmias, vitium cordis, a stroke or
pacemaker use. Information on baseline cardiac comorbidities was
derived from clinical records, in particular from preoperative evaluation
and preparation for anesthesia. When a relevant comorbidity was not
mentioned in the documentation, it was coded as “No/unknown”. This
label reflects that absence of a documented comorbidity might have
resulted from a physician actively requesting the information that no
comorbidity was present, or from failure of the physician to request that
information.

2.3. Dosimetry

Independently from the nested case-control study, we selected a
sample of 1353 patients from the ESCaRa cohort representative in terms
of age and tumor laterality in order to retrospectively estimate indi-
vidual heart dosimetry. Dosimetry details are described elsewhere [7].
Using 3D-conformal RT with tangential fields of 6 MV photons, the total
radiation dose with regard to the planning target volume was typically
50 Gy. For breast-conserving treatment, an additional boost dose of 10
Gy was usually delivered to the tumor bed. RT could also include lymph
node fields. In addition to the complete heart, several geometric surro-
gate volumes to functional anatomical heart structures were individu-
ally contoured, including the left anterior heart wall (LAHW). The
LAHW contains the LAD, an important organ at risk that can be exposed
to much higher doses compared to the complete heart [22-24]. The
contouring was performed according to a heart atlas developed for
retrospective epidemiological studies [25]. The volume-weighted mean
dose (DMEAN) and the percentage volume of the structure receiving >5
Gy (V5Gy) were calculated for the complete heart and for the LAHW
based on exported dose-volume histograms. The final sample of the
nested case-control study consisted of 494 cases and 988 controls. For 91
cases and 182 corresponding controls, we were able to extract individ-
ually estimated DMEAN and V5Gy values for the complete heart and for
the LAHW from the dosimetry sample. For 403 cases and 806 controls
without individual dosimetry, doses were imputed as described below
[22].
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2.4. Statistical analysis

We used conditional multivariable logistic regression to calculate
odds ratios (OR) and corresponding 95% Wald CI for estimated co-
efficients, conditioning on strata defined by the matching groups. The
significance level was set at 5% without correction for multiple testing.
We selected chemotherapy (yes/no), endocrine therapy (yes/no), and
body mass index (BMI) (>25.0/<25.0) as covariates based on a-priori
theoretical considerations.

Multiple imputation using fully conditional specification methods
[26,27] was used to deal with missing information on DMEAN and V5Gy
for the complete heart and the LAHW, assuming data was missing at
random. Doses were imputed using a previously validated dose predic-
tion model based on age at breast cancer diagnosis, year of breast cancer
diagnosis, study center, laterality and BMI [22]. We also used multiple
imputation of missing values for BMI, chemotherapy, and endocrine
therapy.

We evaluated potential nonlinearity of the dose-response association
by adding a linear-quadratic term to our dose-response model for
DMEAN of the complete heart. Goodness of fit was assessed by Akaike
information criterion (AIC). In sensitivity analyses, we investigated a
different dose metric (V5Gy) and a different functional substructure
(LAHW). Furthermore, we carried out dose-response analyses for dose
categories using quintiles from the observed distribution for DMEAN.
For V5Gy, we used <10% as the reference category, and 10%-29% and
>30% as further categories to ensure comparability with a previous
study [18]. We also conducted sensitivity analyses restricted to only
cases and their corresponding controls with available dose information
from the dosimetry sample.

SAS 9.4 (SAS Institute North Carolina) was used for all analyses.

3. Results
3.1. Patient characteristics

Characteristics of the 494 cases and 988 controls included in the
analysis are described in Table 1. The mean age at BC diagnosis was
63.14 for cases and 63.10 for controls. Most cases and controls were
diagnosed with BC in 2004-2006 (43.12% and 44.64%, respectively).
The cancer stage, individual risk factors at time of diagnosis (BMI, his-
tory of cardiac disease) and therapy-related characteristics were equally
distributed between cases and controls (Table 1).

3.2. Radiotherapy-related characteristics

Fig. 1 illustrates the distribution of estimated absorbed dose metrics
DMEAN and V5Gy for the complete heart and for the LAHW. The
average DMEAN < standard deviation (SD) of the complete heart was in
the same range for cases (left-sided = 4.27 + 1.57 Gy, right-sided = 1.64
+ 0.60 Gy) and controls (left-sided = 4.31 + 1.74 Gy, right-sided = 1.66
+ 0.94 Gy). Doses for left-sided RT were much higher compared to doses
for right-sided RT. The same observations apply to the average DMEAN
of the LAHW (Table 2).

The supplementary information (Table A.1) presents patient char-
acteristics of the 91 cases and 182 controls with observed individual
dose from the dosimetry sample as well as the distribution of their doses
(Table A.2 & Figure A.1). In general, the characteristics of cases and
controls from the dosimetry sample (Table A.1) are in line with char-
acteristics of those cases and controls of the complete group (Table 1).
The predicted doses of the complete group correspond to the doses of the
dosimetry sample, although they tend to be slightly higher.

3.3. Conditional logistic regression

We did not observe a linear dose-response relationship between
DMEAN of the complete heart and risk for a cardiac event in the adjusted
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Table 1
Characteristics of cases and matched controls after breast cancer therapy in
1998-2008.

Characteristics Cases Controls
N =494 100 (%) N =988 100 (%)

Year of breast cancer diagnosis

1998-2000 62 12.55 129 13.06

2001-2003 94 19.03 182 18.42

2004-2006 213 43.12 441 44.64

2007-2008 125 25.30 236 23.89
Age at breast cancer diagnosis

Mean 63.14 / 63.10 /

SD* 11.93 / 11.85 /
Laterality

Left 264 53.44 540 54.66

Right 230 46.56 448 45.34
T-stage

1 267 54.05 572 57.89

2 151 30.57 307 31.07

3 21 4.25 29 2.94

4 26 5.26 40 4.05

In situ 21 4.25 33 3.34

Unknown 8 1.62 7 0.71
N-stage

0 311 62.96 586 59.31

1 111 22.47 248 25.10

2 34 6.88 77 7.79

3 15 3.04 45 4.55

X 23 4.66 32 3.24
BMI”

<25.0 207 41.90 411 41.60

>25.0 253 51.21 509 51.52

Unknown 34 6.88 68 6.88
History of cardiac disease”

Yes 84 17.00 168 17.00

No/unknown 410 83.00 820 83.00
Chemotherapy

Yes 215 43.52 398 40.28

No 276 55.87 576 58.30

Unknown 3 0.61 14 1.42
Endocrine therapy

Yes 382 77.33 745 75.40

No 98 19.84 201 20.34

Unknown 14 2.83 42 4.25
Type of surgery

None™ 3 0.61 1 0.10

Breast conserving 425 86.23 843 85.32

Mastectomy 66 13.36 144 14.57

Unknown 0 0.00 0 0.00

¢ SD: Standard deviation.

b BMI: Body Mass Index.

© Percentages may not add up to a total of 100 due to rounding.

¢ History of cardiac disease at the time of breast cancer diagnosis, including
history of cardiac infarction, coronary heart disease, angina pectoris, NYHA>3,
dysrhythmia, vitium cordis or use of a pacemaker.

€ Patients who did not receive breast conserving surgery or mastectomy dur-
ing their breast cancer therapy.

analyses (OR per 1 Gy increase = 0.99, 95% CI 0.94-1.05, P = .72). The
same applies to the crude model. Analyses of dose categories did not
reveal a monotonic trend with increasing dose categories, neither in
crude nor in the adjusted analyses (Table 3). Adding a linear quadratic
term to our dose-response model did not result in an improved model fit.
Analyses of DMEAN of the LAHW did not reveal any dose-response
relationship in the crude and adjusted model (OR per 1 Gy increase =
1.00, 95% CI 0.98-1.01, P = .68). The same holds for the categorical
analyses (Table 3).

No increase in risk for a cardiac event was observed in association
with the proportion of the complete heart that received more than 5 Gy
(Table 4). The proportion of the LAHW receiving more than 5 Gy was not
a significant risk factor (OR per 1% increase 1.00, 95% CI
0.996-1.004, P = .99). We observed a small but statistically non-
significant increased OR of 1.06 (95% CI 0.67-1.67, P = .82) in the
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DMEAN of the complete heart by case-control status and laterality
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DMEAN of the left anterior heart wall by case-control status and laterality
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Fig. 1. Boxplots of estimated mean heart dose and V5Gy of 494 cases and 988 matched controls after breast cancer therapy in 1998-2008 depending on case-control
status and laterality for the complete heart and the left anterior heart wall based on dose predictions using multiple imputation.

Table 2

Mean, median and standard deviations for the complete heart and left anterior heart wall for different exposure metrics for 494 cases and 988 matched controls after
breast cancer therapy in 1998-2008 stratified by laterality based on dose predictions using multiple imputation.

Structure Metric Laterality Mean Median SD Range
Cases Controls Cases Controls Cases Controls Cases Controls
Complete heart DMEAN [Gy] Left 4.27 4.31 4.08 415 157 174 1.21-11.98 0.80-13.56
Right 1.64 1.66 1.57 1.50 0.60 0.94 0.44-6.10 0.56-13.56
V5Gy [Gy] Left 17.71 17.61 17.05 18.02 11.68 10.13 0.28-96.45 0-91.99
Right 5.47 5.37 5.44 5.18 6.29 7.96 0-69.74 0-94.69
Left anterior heart wall DMEAN [Gy] Left 1434 1453 13.26 13.87 6.12 6.35 2.37-34.99 0.65-40.85
Right 1.53 1.55 1.44 1.39 0.70 0.91 0.23-6.51 0.30-10.09
V5Gy [Gy] Left 60.57 59.54 61.25 61.87 17.86 19.26 1.68-100 0-100
Right 7.40 7.22 7.96 7.59 8.70 9.04 0-77.82 0-100

categorical analyses for the category 10%-29% of the LAHW receiving
more than 5Gy compared to the reference category (<10%). Crude ORs
were in line with the adjusted ORs (Table 4).

Sensitivity analyses restricted to cases and their corresponding con-
trols with available individual dose information did not alter the results
of the main analysis (Table A.3 & Table A.4). No significant increased
risk for cardiac events was observed, neither for the complete heart nor
for the LAHW. This observation applies to both dose metrics, DMEAN
and V5Gy.

4. Discussion
4.1. Main results

We assessed the risk for cardiac events after RT in female BC patients
treated between 1998 and 2008 in Germany with a nested case-control
analysis including 494 cases and 988 controls. We did not observe a
significantly increased risk for cardiac events per Gy increase of DMEAN
to the complete heart or LAHW in BC patients. Additional multivariable
conditional logistic regression revealed no evidence for an increased risk
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for cardiac events associated with V5Gy for the complete heart or the
LAHW.

4.2. Comparison to earlier studies

Our findings are generally supported by recent studies that used
tumor laterality as a surrogate measure, showing no significantly
increased risk for cardiac late effects for more recent treatment periods
including 1998-2008 [19], 1999-2006 [28], 2000-2008 [29],
2000-2009 [30], 2001-2005 [31]. In addition, our results are in line
with two recently published large clinical trials with long-term fol-
low-up [32,33]. After a median follow-up of 15.7 years [32] and 34
years [33] no increased risk for cardiac death was observed comparing
patients randomly assigned to lymph node radiation [32], or chestwall
and regional lymph node radiation after mastectomy [33], respectively.
However, studies based on individual dosimetry yield different results.
Darby et al. [12] reported a linear increase for rates of major coronary
events of 7.4% (95% CI 2.9-14.5, P < .001) per 1 Gy mean dose to the
complete heart for patients treated between 1958 and 2001. In an up-
date of the Danish part of Darby et al. an increased risk of 19% (95% CI
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Table 3

Conditional logistic regression analyses of potential risk factors associated with
cardiac morbidity and cardiac mortality of 494 cases and 988 matched controls
after breast cancer therapy in 1998-2008.
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Table 4

Conditional logistic regression analyses of percentage of heart volume receiving
>5 Gy and cardiac morbidity and cardiac mortality of 494 cases and 988
matched controls after breast cancer therapy in 1998-2008.

Variables Crude Adjusted Variables Crude Adjusted”
Oodds  95%CI P 0dds  95%CI P 0dds  95% CI P 0dds  95%CI P
Ratio Ratio Ratio Ratio
Dose groups for complete heart using DMEAN [Gy] Groups of p ge of the lete heart g >5 Gy [V5Gy]
1st quintile 1.00" 1.00* <10% 1.00* 1.00*
(<1.24 Gy) 10%-29% 1.01 0.76-1.35 95 100  075-1.34 .99
2nd quintile 1.00 0.63-1.58 99 0.99 0.63-1.58 98 >30% 0.94 0.60-1.46 78 0.94 0.60-1.47 .78
(>1.24 Gy - <1.87 Percentage of 1.00 0.99-1.01 96 1.00 0.99-1.01 .98
Gy) the complete
3rd quintile 1.02 066-1.56 .93  1.01 0.66-1.55 .96 heart
(>1.87 Gy - <2.84 receiving >5
Gy) Gy [V5Gyl,
4th quintile 1.02 0.62-1.68 94 1.01 0.61-1.67 96 continuous per
(>2.84 Gy - <4.60 1%
Gy) Groups of percentage of the left anterior heart wall receiving >5 Gy [V5Gy]
5th quintile 1.00 0.64-1.55 99 0.99 0.64-1.54 97 <10% 1.00" 1.00*
(>4.60 Gy) 10%-29% 1.06 0.67-1.67 .80 1.06 0.67-1.67 .82
Complete heart 0.99 094-1.05 73  0.99 0.94-1.05 72 >30% 1.02  079-1.31 90 102 079-1.32 .88
using DMEAN Percentage of 1.00 0.996-1.004 99 1.00 0.996-1.004 .99
[Gy], continuous the left
per 1 Gy anterior heart
Dose groups for left anterior heart wall using DMEAN [Gy] wall receiving
1st quintile 1.00° 1.00° =5 Gy
(<1.11 Gy) [V5Gyl,
2nd quintile 1.00 0.64-1.55 98 0.98 0.63-1.53 94 continuous per
(>1.11 Gy - <2.37 1%
4 2 Ref t
3rd quintile 1.06 068166 .80 1.05 0.67-1.66 .82 i .
(>2.37 Gy - <7.38 Adjusted for chemotherapy, endocrine therapy and BMI.
Gy)
:ﬁ/z‘;’“{;’e 994 063143  76° 094 061:1:42; 76 The MHD in our study were considerably lower than in Darby et al. [12]
S 2 and Jacobse et al. [13]. Both used radiation therapy charts to reconstruct
Sth quintile 094 062142 76 093 0.62.1.41 74 doses, which may reduce the reliability of reported doses. Our doses
(>15.12 Gy) were comparable to van den Bogaard et al. [17], but higher than Lor-
be“:umer_i‘” heart 1.00 098-1.01 68 1.00 0.98-1.01 68 enzen et al. [34] (Table A.5), who both also based their dosimetry on
‘[:;y] "i:;gﬁ?lﬁ':N 3D-CT planning records like our study. Beside these discrepancies in
par 5 Gy MHD, several other systematic differences to previous studies may have
Chemotherapy contributed to our dissimilar results, namely differences with respect to
No 1.00° 100 the treatment period, the definition of the endpoint, and age restriction.
< ‘Y:S 5 18 093150 a18: 120 09154 A5 Most previous studies mainly included patients treated before 2000
i t! o . .
nNgmne TR 1.00° 1.00° [12,18,34], while 75% of our patients received RT between 2000 and
Yes 1.05 0.80-1.39 72 1.09 0.82-1.45 61 2008. Guidelines for RT in BC patients and RT techniques have changed
BMI” over the years [5]. This led to a reduction of radiation dose to the heart.
<25.0 1.00° 1.00° In addition, clinicians’ awareness of potential cardiac effects due to RT
>25.0 0.99 0.78-1.24 91 0.98 0.78-1.24 89

t Radiation-related factors are adjusted for chemotherapy, endocrine therapy
and BML Chemotherapy, endocrine therapy and BMI are adjusted for each other
and DMEAN of the complete heart as continuous variable.

* Reference category.

b BMI: Body Mass Index.

1%-63%, P = .02) per Gy of MHD for major coronary events was re-
ported [34]. Jacobse et al. [13] observed a linearly increasing risk for
myocardial infarctions of 6.4% per Gy MHD to the complete heart (95%
CI 1.3%-16.0%) in patients treated between 1970 and 2009. For V5Gy
and myocardial infarction, the authors identified a statistically signifi-
cant increased risk for V5Gy > 30% of the complete heart (RR 2.02, 95%
CI1.43-2.85, P = .008). In a cohort study of 910 BC patients with RT in
2005-2008 in the Netherlands, 30 major cardiac events occurred [17].
This cohort study observed a 16.5% (95% CI 0.6%-35.0%, P = .042)
increase of the cumulative incidence per Gy of radiation to the complete
heart for major cardiac events [17]. A detailed overview of key char-
acteristics and results of these mentioned studies including our study is
presented in the supplementary information (Table A.5).

In contrast to these previous studies on individual dosimetry of RT,
we did not observe a dose-dependent increase in risk for cardiac events.
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may have increased over the years [35], contributing to treatment se-
lection and reductions of heart dose. Therefore, comparison to earlier
studies, which include patients from 1958 to mainly before 2000 is
hampered.

We used a broader definition for the cardiac event endpoint
compared to earlier studies with a more narrow endpoint, focused on
only myocardial infarction [18] or on myocardial infarction, coronary
revascularization and death from ischemic heart disease [12,17,34]. In
our study, however, a wider range of cardiac morbidities like dys-
rhythmias or valvular heart disease were included. This might lead to an
endpoint that is not significantly associated with heart dose compared to
previous studies that used a more specific endpoint. However, as a
post-hoc explorative analysis, we conducted separate analyses for the
two endpoints cardiac mortality and cardiac morbidity (Table A.6).
Despite a small, statistically non-significant increased risk for cardiac
mortality associated with DMEAN of the complete heart (OR per 1%
increase = 1.03, 95% CI 0.91-1.15, P = .66), the results were consistent
with the results from the main endpoint of cardiac events.

In our study, 28% of patients were >70 years at time of diagnosis. In
comparison, previous studies restricted age at diagnosis to <70 [12],
<71 [18], or <75 [12,34]. A large cross-sectional study in Germany
showed that the 12-month prevalence for myocardial infarction, chronic
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consequences of myocardial infarction or angina pectoris substantially
increases with age in women from 3.4% (55-64 years) to 16.0% (>75
years) [36]. Therefore, the effect of RT on cardiac events might be
diminished by inclusion of a substantial number of women aged 70 and
older at time of diagnosis, who are at higher risk for a cardiac event due
to their age regardless of differences in radiation dose due to RT.

4.3. Strength and limitations

Our study included a large number of cases and controls treated with
contemporary 3D-conformal RT between 1998 and 2008 with extensive
clinical documentation, including information on cardiac comorbidities
at baseline. Evidence on cardiac risk based on individual dosimetry and
comprehensive follow-up of patients from this treatment period is sparse
internationally and completely missing for Germany so far, making our
study an important contribution.

Despite these strengths, our study had limitations. Individual doses
were only available for a subset of cases and controls since the heart was
not completely visible in some CT scans, preventing heart dosimetry. In
addition, for some patients, electronic treatment planning records were
not accessible. Therefore, we performed dose predictions to estimate
heart dose for cases and controls without individual dosimetry. Never-
theless, sensitivity analyses restricted to cases and controls with indi-
vidual dosimetry did not reveal differences in risk estimates compared to
the main analyses that included dose predictions. Furthermore, infor-
mation on cardiac morbidity were derived from a self-administered
questionnaire. This implies a risk for selection bias. Survivors with a
healthy lifestyle might have been more motivated to participate in a
questionnaire on late cardiac effects compared to non-responders.
Additionally, self-reported events may be prone to information bias
through restrictions in memory, misunderstanding of medical diagnoses,
or selective reporting [37]. This could potentially result in misclassifi-
cation. However, a validation study on a patient sample of our study
demonstrated a moderate to fair agreement between self-reported
events compared to medical records from general practitioners [35].

5. Conclusion

Our results provide no evidence that the radiation dose to the heart
from contemporary 3D-conformal RT for female breast cancer patients
treated between 1998 and 2008 is associated with cardiac events.
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5 Discussion

This cumulative PhD-thesis consists of two internationally published peer-reviewed articles. They provide
an important contribution to the discussion of cardiac late effects in female breast cancer patients with
3D-conformal radiotherapy. Especially the dose-response analysis fills a hitherto existing research gap for
Germany. Here, the main findings of the two articles are discussed, including strength and limitations of

the studies. Lastly, an overall conclusion and outlook for potential further research is presented.

In Article | of this thesis 1% (Section 3), results for the risk of long-term cardiac mortality and cardiac
morbidity in female breast cancer patients of the ESCaRa-Study based on tumour laterality as a proxy for
cardiac dose due to radiotherapy are described. A total of 11,982 female breast cancer patients with
treatment in 1998-2008 (Section 2.1, Figure 1) were included in the analysis. More than 75% of the
included patients were treated after 2000 and the mean age at diagnosis was 60.9 years (range 18-101
years). Of the complete cohort 2,925 (24.4%) women did not receive radiotherapy and therefore were
excluded from the analyses of tumour laterality. Among the other 9,057 patients with radiotherapy, left-
sided and right-sided breast cancer was distributed nearly equally. The analysis on cardiac mortality
revealed no statistically significant increased risk for left-sided vs. right-sided radiotherapy (HR 1.09, 95%
Cl1 0.85-1.41). For cardiac morbidity no significant increased risk was observed for tumour laterality either

(HR 1.05, 95% Cl 0.88-1.25).

The results of Article | are generally in line with other international studies on long-term cardiac mortality

in breast cancer patients with contemporary radiotherapy, which also used tumour laterality 110112114116

117" Compared to these other studies the median mortality follow-up of 11.1 years in Article | is
comparatively long. Other studies are limited to a median mortality follow-up of <10 years. Concretely,
median follow-ups vary between 4.6 years 114, 6.0 years %9, 6.4 years 116, 6.7 years (mean) ¥/, 7.7 years
(mean) 2, and 8.8 years 3. The authors of previous studies discussed their limited follow-ups as a
significant source for uncertainty of their results. They uniformly reported no association of 3D-conformal
radiotherapy and cardiac mortality in breast cancer patients, but their limited follow up has the potential
to underestimate the actual risk. The risk estimates based on a distinctly longer follow-up as reported in
Article | of this thesis therefore result in an important contribution to the body of evidence. Article |
ensures the previous findings of international studies based on a large cohort with an up to more than
twice as long median follow-up compared to single studies 1**. However, it cannot be ruled out that with

an even longer follow-up, further cases of cardiac mortality might occur. This could influence the estimated

risks for cardiac mortality due to 3D-conformal radiotherapy in breast cancer patients.
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Studies on cardiac morbidity show conflicting results (Section 1.3.1). In short, a number of studies did
reveal an increased risk for both older and more recent therapy regimes including the years 1989-2005 18,
1977-1989 and 2001-2005 **°, 1999-2005 %!, and 1976-1989 and 1990 onwards %. While other studies
did not show any association of tumour laterality and cardiac morbidity after radiotherapy for breast
cancer for the years 1998-2008 %3, 2000-2009 !4, 1996-2010 1%, and 2008-2016 *2, Similar to the analysis
for cardiac mortality it cannot be ruled out, that a longer morbidity follow-up with more than a median of
12.4 years would lead to the inclusion of even more cases of cardiac disease. This could alter the estimated
risks. In addition, some studies that did show an association used data of population based-registries to
identify women with cardiac morbidity after radiotherapy for breast cancer 812!, |n contrast, analysis on
cardiac morbidity in Article | might be prone to self-selection bias as cardiac morbidity was assessed via a

127 Pparticipants in the self-

self-administered questionnaire instead of routine data or registry data
administered questionnaire may have been motivated in participating by a higher interest in cardiac
effects after radiotherapy and generally have a healthier lifestyle. Vice versa, women with a poor health
condition at the time of the questionnaire or generally less interest in health related topics may tend to

reject participation 1. However, other studies based on large register databases such as the SEER

114 121

database *** or the Danish population based registries ***, with a comparable therapy period also identified
no effect of tumour laterality on cardiac morbidity. Whereas these studies are not prone to selection bias
because of a systematic follow up via register data. In addition, although women participated in the self-
administered questionnaire might not generally be representative for the complete cohort, the effect of
tumour laterality on cardiac morbidity should not be affected by this, because using laterality can be
considered as a quasi-randomized study design 121% 16 |n contrast, a comparison of women that received
radiotherapy vs. women without radiotherapy could have been significantly affected by this selection bias.
Women with radiotherapy include a smaller proportion of CIS cancers (as shown in Table 1 of Article | 126)
and therefore are less likely to receive mastectomy without any adjuvant treatment. Additionally, the
group of women without radiotherapy are also more likely to include patients with guideline violations in
treatment due to e.g. advanced age or history of cardiac diseases at baseline (as shown in Table 1 of Article
| 126). Although selection bias should not influence the effect of tumour laterality on cardiac morbidity, it
could be affected by the risk of information bias. Patients might not be informed about the specific type
of heart disease and give incorrect answers in the self-administered questionnaire 28, Restriction in
memory, misunderstanding of medical diagnosis, or selective reporting could also appear. This could

125 1t can be assumed that this misclassification is likely non-

potentially results in misclassification
differential regarding tumour laterality, which might have led to an underestimation of the true effect 1%,

However, a validation study on the agreement between patient self-reports and information from
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physicians including a sample 1,212 women of the ESCaRa cohort revealed a moderate to fair agreement

130

Strengths of Article | are the effective mortality follow-up with only 1.1% loss to follow-up and a
comprehensive ascertainment of the causes of death with a completeness of 97%. Further strengths are
the extensive clinical documentations of breast cancer patients treated in the ESCaRa-Study clinics and
certified breast centers and a comparatively large number of observed cardiac events (240 cases of cardiac
mortality and 497 cases of cardiac morbidity), which enables for statistical models including a broad range
of potential confounders 2. However, both the analysis on cardiac mortality and cardiac morbidity of

Article | of this thesis 12° are united in the limitation of tumour laterality as a dose proxy.

Article Il 1° contains results of a dose-response analyses based on a case-control study nested within the
cohort of the ESCaRa-Study. In total, 494 women with 3D-conformal RT who subsequently developed a
cardiac event and 988 controls were matched on year of breast cancer diagnosis, study center, and cardiac
comorbidities at the time of breast cancer diagnosis. Over 75% of the cases and controls received
radiotherapy treatment >2000. The retrospective dosimetry showed a mean dose to the heart of 4.27 Gy
(1.21 Gy-11.98 Gy) for left-sided radiation in cases and 4.31 Gy (0.80 Gy-13.56 Gy) for controls and 1.64
Gy (0.44 Gy-6.10 Gy) and 1.66 Gy (0.56 Gy-13.56 Gy) for right-sided radiation, respectively. The dose-
response analysis for DMEAN of the complete heart did not reveal any association with cardiac events (OR
per 1 Gy increase 0.99, 95% Cl 0.94-1.05, p=.72) nor a linear dose-response relationship. Likewise, the
analysis of DMEAN for LAHW did not reveal any dose-response relationship for cardiac events (OR per 1
Gy increase 1.00, 95% Cl 0.98-1.01, p=.68). Analyses for V5Gy for the complete heart (OR per 1% increase
1.00, 95% Cl1 0.99-1.01, p=.98) as well as for the LAHW (OR per 1% increase 1.02,95% 0.79-1.32, p=.88) did
not reveal any dose-response relationship either. Results were consistent across all analyses when
comparing risk estimates and corresponding Cl for adjusted and unadjusted models. Additional explorative
analyses stratified for cardiac mortality and cardiac morbidity did likewise show no departure from the

main analysis 1%,

As described in detail in Article 1l of this thesis 1%, the results are generally supported by studies that used
tumour laterality as a proxy for cardiac dose and include more recent treatment periods %1315 However,
the results of the dose-response analysis are not in line with previous studies that used individual
dosimetry to estimate a potential dose-response relationship for radiotherapy in breast cancer patients
and cardiac late effects. Previous studies using individual retrospective dosimetry of exposure to ionizing
radiation to the heart reported a linear dose-response relationship for mean dose to the complete heart

and cardiac late effects. These previous studies include female breast cancer patients from Sweden and
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76122123 and

Denmark 7°1%2 and the Netherlands #2123, Three of these four studies are case-control studies
one study is a cohort study 2. The study by Darby et al. 7® is by far the largest study, including 963 cases
and 1,205 controls. The nested case-control study of Article Il of the ESCaRa cohort makes up for the
second largest study including 494 cases and 988 controls, while other studies include 196 cases and 413
controls 122, 183 cases and 413 controls 123 and 30 cases in a cohort of 910 irradiated breast cancer patients
82 The reported risk estimates for cardiac late effects in previous studies range from 6.4% increase per Gy
MHD (95% Cl 1.3-16.0) 1, 7.4% per Gy (95% Cl 2.9-14.5), 16.5% per Gy (95 Cl 0.6-35.0) to 19% increase
per Gy (95% Cl 1%-63%). For the alternative dose metric V5Gy, Jacobse et al. 12 did observe an increased
rate ratio for myocardial infarction of 1.20 (95% Cl 0.73-1.99) for 10%-29% of the volume of the complete
heart being exposed to 25 Gy and a statistical significant increase of 2.02 (95% Cl 1.43-2.85) for the highest
category with >30% of the heart receiving 25 Gy 2. Using the same categories for V5Gy in the
corresponding analysis in Article I, no increased risk for cardiac events both for the complete heart and
the LAHW was observed, including adjusted and crude analyses and sensitivity analyses restricted to
women with individual de facto doses from the dosimetry sample %, In the analysis on V5Gy as a
continuous variable the OR was 1.00 for both the complete heart (95% Cl 0.99-1.01) and the LAHW (0.996-
1.004) in Article Il. Van den Bogaard et al. 8 did also report an analysis on V5Gy for the left ventricle,
corresponding to the LAHW. In the univariate analysis they observed a statistically significant increased
HR of 1.016 (95% Cl 1.002-1.030) for acute cardiac events. However, the effect is small, the Cl has
borderline statistical significance, and the analysis is based on only 30 cases. These factors limit the

reliability of their results.

A major difference between these previous studies on dose-response and the German study 1% of Article
Il, which may partly account for the discrepancy in risk estimates, is the difference in treatment years.
While the previous studies mainly include treatment periods <2000, >75% of the included cases and
controls in the German study ?° were treated >2000. This involves differences in treatment regimes and
treatment planning 7’ (Section 1.2.1), including a shift from conventional 2D radiotherapy to 3D-conformal
radiotherapy based on CT scans. Additionally, an increase in awareness of potential cardiac late effects in
radiation oncologist and clinicians must be taken into account. This awareness might be based on an
increase in knowledge as a consequence of the first reports on potential cardiac late effects after
radiotherapy of clinical trials with long-term follow-up in breast cancer patients by the EBCTCG 3. This
increased knowledge and awareness could then have resulted in a more heart sparing treatment 32,
especially for women with cardiac comorbidities at baseline. This is partly supported by the differences in

76 123

the MHD in two of the previous studies , including mainly radiotherapy regimes <2000 compared to
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the German dose-response analysis of Article Il. Median dose to the complete heart was 3.05 Gy for cases
and 3.11 Gy for controls in the German dose-response analysis (4.30 Gy for left-sided irradiation and 1.65
Gy for right-sided irradiation) '?°. In contrast, Darby et al. ’® reported a MHD of 5.4 Gy for cases and 4.5 Gy
for controls (6.6 Gy for left-sided irradiation and 2.9 Gy for right-sided irradiation). Jacobse et al. %
observed a median dose to the complete heart of 8.9 Gy for cases and 8.5 Gy for controls. Both studies
are not only based on older therapy regimes and treatment planning, they also used radiotherapy charts
to reconstruct doses. This may reduce the reliability of reported doses compared to reconstructions based
on CT images like in Article I 12°. However, doses of the German dose-response analysis 1*° are comparable
to those reported by van den Bogaard et al. & for the Netherlands (median of the MHD for cases 4.44 Gy
and for controls 1.31 Gy) and higher compared to the doses reported by Lorenzen et al. 2 (median MHD
0.84 Gy for cases and 0.71 Gy for controls and 2.41 Gy for left-sided irradiation and 0.68 Gy for right-sided
irradiation). Similar to the German study 1%, these two studies based their retrospective dosimetry on 3D-

CT planning records, which could indicate a more reliable retrospective dosimetry.

In Article 1l 2° further potential reasons for the contrasting results to previous studies are pointed out. A
substantial part of the different results might be attributed to study heterogeneity, which hampers the
comparability. In short, a broader definition for the cardiac event endpoint was applied in Article II.

123 or myocardial

Previous studies used a narrower endpoint, focused only on myocardial infarction
infarction, coronary revascularization and death from ischemic heart disease 782122 |n Article Il, however,
a wider range of cardiac morbidities such as angina pectoris, congestive heart failure, dysrhythmias or
valvular heart disease were also included beside the more common once such as myocardial infarction or
ischemic heart disease. This might lead to an endpoint that is not significantly associated with heart dose
compared to the previous studies that used a more specific endpoint. Nevertheless, a post-hoc explorative
analysis, including separate analyses for the two endpoints cardiac mortality and cardiac morbidity, was
conducted for the German study ¥ in Article II. Despite a small, statistically non-significant increased risk
for cardiac mortality associated with DMEAN of the complete heart (OR per 1% increase = 1.03, 95% Cl
0.91-1.15, P = .66), the results were consistent with the results from the main endpoint of cardiac events

129 on dose-response, 28% of included patients were >70 years at

125 Furthermore, in the German study
the time of diagnosis. In comparison, most previous studies applied age restrictions for included patients.
Age at diagnosis was restricted to <70 years 76, <71 years 123, or <75 years 7122, Only the study by van den

. 8 similarly applied no age restriction. However, the dose-response analysis of this study was

Bogaard et a
based on a small number of cases (30 cases), resulting in a broad Cl (0.6-35.0). Compared to the previous

case-control studies 76122123 the matching criteria in the German study 1% were identical regarding age
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and year of breast cancer diagnosis. In addition to these criteria, cardiac comorbidities at baseline and
study center were used for matching in the German study ?°. Dose to the heart was shown to differ
significantly between study centers in a previous subset of the dosimetry sample used in the German study
78 Not including study centers as a matching variable might reduce the comparability of cases and controls
due to differences in inter-center radiotherapy planning variability, patient selection and follow-up care.
Previous case-control studies reported larger proportions of baseline cardiac risk in cases compared to
controls, despite also having different definitions for baseline cardiac risk 7® 122 12> (Supplementary
Information, Table A.5), while in the German study !*° the proportion was equal due to matching. As
baseline cardiac risk factors have a major influence on the risk for subsequent cardiac events 7682133 having
more patients with these cardiac risk factors among cases compared to controls could influence the risk

estimate. However, these previous studies reported stratified results according to presence or absence of

76 123 129

baseline cardiac risk factors or adjusted for it 8122, Furthermore, in the German study ¥ a latency
time of one year was applied, including only cases and controls from the underlying cohort with at least
one year of follow-up in the analysis. Previous studies did not apply any latency period. Appling a one-year
latency period results in a more conservative risk estimate by ensuring that there is a minimum amount of
time between exposure and the onset of a cardiac late effect. Even though there is no established latency
time for radiation and cardiac late effects in the literature, it can be assumed that the effects of

radiotherapy will only become clinically apparent after longer periods of time 13413

, and most likely not
within the first year after radiation. This is also supported by numerous epidemiological studies on cardiac
late effects showing steeply increases in the risk for cardiac late effects with an increase of time since

diagnosis of breast cancer 1%,

Beside the aforementioned differences to previous studies on a potential dose-response relationship of
radiotherapy in breast cancer patients and cardiac late effects, further limitations might have influenced
the results of Article Il, but could also partly have an impact on the analysis of tumour laterality of Article
I. The ESCaRa cohort, and therefore also the nested case-control study consists of female breast cancer
patients with treatment either at Mainz University Medical Center, Ulm University Hospital or at one of 16
certified breast centers in the vicinity of Ulm. Although this makes the ESCaRa-Study clearly a multicenter
study, no patients from other federal states than Rhineland-Palatinate and Baden-Wirttemberg were
included. If one were to assume that there are systematic differences in therapy across Germany, the
generalizability of the results of this thesis to the whole of Germany would be limited. Nevertheless, there
are established guidelines on radiotherapy treatment of breast cancer in Germany (Section 1.2.4), which

should contribute to a high homogeneity in treatment practice in Germany. In addition, considering the
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standardization on using tangential megavoltage photon fields and electron or photon boosts, treatment
should be comparable in other large medical centers in other parts of Germany 8. On the flip side, in a
dosimetry study on a sample of the ESCaRa cohort differences in cardiac dose between the two included
medical centers were observed and interpreted as a result of individual department policies ’8. For this
reason, it cannot be ruled out that there are treatment differences in other federal states and regions in
Germany. Furthermore, only study centers were included who voluntarily agreed to participate. This
potentially implies the risk of selection bias. Study centers with comparatively higher doses, because of
e.g. the use of older equipment or a more lose guideline adherence, or generally not a good
documentation of previous treatment planning, might have refused to participate in ESCaRa. Such a
systematic undercoverage of study centers with potentially higher doses therefore could bias the results

towards the null.

Another limitation that is only relevant for the dose-response analysis is the lack of actual individual doses
for all included cases and controls. This issue and the way it was tackled is described in Article 11 1%, In
short, actual individual doses were only available for 91 cases and 182 controls of all 494 cases and 988
controls included in the analysis. There were several reasons for the lack of actual individual doses for all
cases and controls. First, in some CT scans the heart was not completely visible, which made contouring
of the heart and its substructures impossible and therefore preventing the retrospective heart dosimetry.
Second, for some patients, the electronic treatment planning records were not accessible in the 16
certified breast centers. In the smaller breast centers, documentation of radiotherapy treatment planning
was not as continuous and consistent as in the two university medical centers. This was especially the case
when radiotherapy treatment planning systems changed. Additionally, some private practices also
changed ownership, relocated, or closed. Put together, the lack of a continuous and consistent
documentation resulted in missing appropriate information on radiotherapy treatment and for this reason
prevented the individual retrospective dosimetry 2°. Third and finally, the dosimetry sample was
independently sampled from the cases and control, although both the dosimetry sample and the cases
and controls came from the same underlying cohort. Therefore, it was expected that only a certain
intersection of women is part of both, the dosimetry sample and the drawn cases and controls. Although
individual dosimetry for each patient based on individual CT scans would be preferable, multiple
imputation using fully conditional specification 13137 has been used to estimate missing information on
DMEAN and V5Gy for the complete heart and the LAHW %, Assuming missing at random, a previously
validated dose prediction model % based on year of breast cancer diagnosis, age at breast cancer

| 129

diagnosis, laterality, BMI, and study center was used. In Article Il **° results of extensive sensitivity analyses
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(Supplementary Information, Table A.1, A.2, A.3, A.4, Figure A.1) restricted to patients with dosimetry
based on their individual electronic radiotherapy treatment planning records (91 cases and 182 controls)
have been reported to enable a comparison to the analyses based on imputed information. The results of
the sensitivity analysis are in line with the main analysis, that was based on multiple imputation of missing
doses. This indicates that the multiple imputation did not introduce any significant error and thus
strengthens the results. Further, residual confounding is another limitation of the dose-response analysis.
Their might have been confounding factors such as socioeconomic status and modifiable lifestyle factors
including physical activity, diet, or smoking that have not been taken into account. Although, in a previous
analysis of tumour laterality of the PASSOS Heart Study, a sensitivity analysis for a subset of patients with
available information on socioeconomic status and smoking (yes vs. no) was performed. Additional
adjustment to these two factors did not alter the results 1. The analysis of Article | however, should be in
general less prone to residual confounding, due to its quasi-randomized design as tumour laterality is

mostly random.

Strengths of Article Il are the inclusion of a comparatively large number of cases and controls treated with
contemporary 3D-conformal radiotherapy and the extensive clinical documentation, including information
on cardiac comorbidities '?°. So far evidence on cardiac late effects based on individual dosimetry in
combination with a comprehensive follow-up of patients from the treatment era after 2000 is sparse
internationally and was completely missing for Germany before this work. In addition, in both articles of
this thesis, a large set of confounders were included in the statistical models, including chemotherapy.
Specific chemotherapy regimens have been considered cardiotoxic, namely anthracyclines such as
doxorubicin 138 13°. However, chemotherapy in the statistical models of this thesis was included as a
dichotomous variable indicating if a women received any chemotherapy treatment or not. It would have
been of interest to include precise details of the chemotherapy, e.g. which therapeutic agent was used
and information on the dose. Lorenzen et al. 1?2 and Jacobse et al. 12 for example took into account the
general prescription of adjuvant chemotherapy, but also looked at chemotherapy type and differentiated
between the prescription of anthracyclines and no anthracyclines. Nevertheless, both studies had only
76 82

very few cases in the group of women with anthracyclines. The other two relevant previous studies

used a similar approach to the one used in this thesis.

In summary, despite the discussed limitations of Article | and Article Il of this cumulative PhD-thesis, the
results reassure the relatively safety of modern radiotherapy techniques. The findings suggest that 3D-
conformal radiotherapy for female breast cancer is not associated with a significantly increased risk for

cardiac late effects. This might be interpreted as a result of the extensive efforts to spare the heart as an
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important OAR during radiotherapy, taking into account patient co-morbidities as well as chemotherapy,
and providing follow-up care. As the results differ from previous international dose-response studies, more
independent studies with a comparatively recent treatment period and long follow-up are needed to verify
the findings. However, since the time of treatment period included in the ESCaRa-Study (1998-2008),
further efforts were taken to further reduce the cardiac exposure during radiotherapy for breast cancer.
This includes the modulation of dose, the ability to shape beams, block regions of the heart, make use of
deep inspirational breath holds, and accurately position the patient during treatment (Section 1.2.3). If
there would be a small but undetected risk for cardiac late effects due to the radiotherapy treatment
regime investigated in this thesis, cardiac exposure to ionizing radiation might even be more reduced

nowadays, potentially further reducing the risk for adverse outcomes 4°,

The following options could be considered as an outlook for future research based on the ESCaRa-Study.
First, in an explorative analysis other substructures of the heart and other dose metrics could be
investigated. Through the dosimetry sample of ESCaRa information on individual doses to the aortic valve,
pulmonary valve, the right anterior heart wall including the right coronary artery and sinoatrial node, and
the atrioventricular node ’® are available. Additional alternative dose metrics to consider could be the
relative volume exposed to at least 10 Gy (V10Gy) or the dose received by the maximally exposed 2 cm3
(D2CC) 78. Second, based on the CT images of the ESCaRa-Study a coronary artery calcium (CAC) score could
be retrospectively determined to identify patients with a higher risk for coronary artery disease. Long
before the onset of clinically significant cardiac late effects, subclinical cardiac changes might occur 2,
Identifying patients with high risk for radiation-induced cardiac complications through effective subclinical

markers would be beneficial for primary and secondary prevention %*

, making early detection of
cardiovascular changes an interesting field of research. Currently, there are two ongoing prospective
cohort studies on early detection and prediction of cardiovascular changes and cardiotoxicity in the first
two years after 3D-conformal radiotherapy called the BACCARAT (BreAst Cancer and Cardiotoxicity
Induced by Radio Therapy) prospective cohort study *** and the MEDIRAD EARLY HEART Study 1%, Both
studies include extensive clinical examinations on subclinical cardiac changes before the beginning of
radiotherapy and during the course of the follow-up at various points in time. The clinical examinations
include echocardiography for myocardial changes, assessment of a broad range of circulating biomarkers,
and coronary computed tomography angiography (CCTA) for coronary changes. CCTA visualizes the
coronary arteries and enables to detect early calcification, plaques and stenosis. Based on the images a

CAC score is used to identify patients with a higher risk for coronary artery disease 1214, However, ESCaRa

is a retrospective cohort study, which does not allow for this prospective approach. Nevertheless, in a
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5 Discussion

Dutch study by Roos et al. 133 the CAC score was retrospectively assessed via CT scans, which are routinely
used for radiotherapy treatment planning. Based on an association model Roos et al. 133 described the
relationship between the CAC score and acute coronary events after correction for confounding factors
133 With the available CT scans in ESCaRa, a similar approach would be feasible to retrospectively assess
the CAC. This would provide additional new evidence on cardiac effects in breast cancer patients after 3D-
conformal radiotherapy from this cohort. Third, to increase the number of events and enable to assess
more robust effect estimates one could add additional years of follow-up by a continuation of the
systematic individual mortality follow-up and an additional questionnaire on cardiac morbidity.
Alternatively, and potentially even more useful, a pooled analysis based on original data of the previous
studies including data of the ESCaRa dose-response study with individual retrospective dosimetry on
cardiac late effects after radiotherapy in female breast cancer patients could be conducted. This approach
would combine several benefits at the same time. The main advantage would be the increased statistical
power due to the larger sample size, which leads to more precise risk estimates. Additionally, in a pooled
analysis harmonization in terms of inclusion and exclusion criteria, outcome definition, exposure
categories, and other sources of heterogeneity, which are extensively pointed out in Article Il ?° and the
discussion of this thesis (Section 5), is feasible. Differences in statistical risk analysis methods could be
harmonized too, as different methods could hamper the comparability of results of the single studies 4.
A first step to this approach would be to assess the general willingness of the principal investigators of the

previous studies to participate in such a pooling project.
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Appendix

A Supplementary information on Article |: Cardiac late effects after modern radiotherapy

in breast cancer patients - a retrospective cohort study in Germany (ESCaRa)

Supplementary Information, SI 1

Short questionnaire on cardiac illness and on cardiovascular risk factors

Did a physician ever diagnose If yes, when did you get the
one of the following diseases? diagnosis for the first time?
(Please, indicate age or calendar
(multiple answers possible) year)
No Yes Age Calendar Year
Myocardial infarction ] ] || Y O D
Year (Vear)
Angina pectoris ] ] || Y O D
Year (Vear)
Congestive heart failure ] [] |11 |l 1|
(ischemic heart disease) Year (vear)
Arrhythmia of the heart ] [] || N R D
Year (Vear)
Valvular heart disease ] [] I |l 1|
Year (Vear)
Stroke ] [] || N R D
Year (Vear)
Diabetes mellitus ] [] || N R D
Year (Vear)
Hypertension ] [] || N R D
Year (Vear)
Obesity, overweight ] L] || |1l |
Year (Vear)
Increased blood cholesterol, ] L] || || 1|
increased blood lipids Year (vear)
Chronic Lung Disease ] L] || |1l |
(Asthma, Bronchitis, Chronic obstructive Year (Year)
pulmonary disease
Chronic kidney disease ] L] || |1l |
Year (Vear)
Thyroid functional disease [] ] || S D
Year (Year)
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Did you have a pacemaker? No, don’t know, yes, if yes-when (calendar year)?
Did you have a stent implantation? No, don’t know, yes, if yes-when (calendar year)?
Was a balloon dilatation done? No, don’t know, yes, if yes-when (calendar year)?

Was a pass surgery done? No, don’t know, yes, if yes-when (calendar year)?
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Supplementary Information, S| 2

Multivariate Cox Regression: cardiac mortality risk in breast cancer patients with radiotherapy and
stratified for duration of follow-up with follow-up censored at the time of diagnosis of a recurrent
event

Duration of follow-up

Al >=1-<=10 years® >10 years®

HR 95% ClI HR 95% ClI HR 95% ClI
RT, left vs. right 1.09 (0.84-1.41) 0.97 (0.70-1.34) 1.41 (0.91-2.17)
Age at diagnosis 1.21 (1.19-1.23)* 1.15 (1.12-1.18)* 1.21 (1.17-1.25)*
Year of diagnosis 1.02 (0.96-1.08) 0.86 (0.81-0.91)* 1.15 (1.01-1.30)
Cardiac history (yes/no) 1.42 (1.03-1.97)* 1.00 (0.64-1.56) 1.79 (1.07-2.99)*
Chemotherapy (yes/no) 1.16 (0.82-1.65) 0.90 (0.56-1.45) 1.50 (0.89-2.52)
Endocrine therapy (yes/no) | 1.10 (0.78-1.56) 0.94 (0.62-1.42) 1.62 (0.85-3.11)
BMI coefficient 1** 0.97 (0.84-1.11) 0.95 (0.81-1.11) 1.02 (0.81-1.30)
BMI coefficient 2 1.01 (0.93-1.10) 1.02 (0.94-1.12) 0.94 (0.82-1.09)
BMI coefficient 3 0.99 (0.86-1.15) 0.97 (0.83-1.13) 1.12 (0.86-1.45)

Abbreviations: BMI, Body Mass Index; 95% Cl, 95% Confidence Interval; HR, Hazard Ratio; RT,
radiotherapy

2Analysis based on 8,856 and n = 235 cases of cardiac mortality
PAnalysis based on N 2,452 individuals with 150 cases of cardiac mortality;

‘Analysis based on N 6,404 and 85 cases of cardiac mortality;

* statistically significant
** BMI coefficient: adjustments for BMI by using restricted cubic splines with 4 internal knots
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Supplementary Information, SI 3

Multivariate Cox Regression: cardiac mortality risk in breast cancer patients with radiotherapy and
stratified for duration of follow-up, based on a complete case-analysis

Duration of follow-up

Al >=1-<=10 years® >10 years®

HR 95% ClI HR 95% ClI HR 95% ClI
RT, left vs. right 1.10 (0.84-1.45) | 1.04 (0.73-1.47) 1.33 (0.85-2.07)
Age at diagnosis 1.22 (1.20-1.25)* | 1.16 (1.13-1.18)* | 1.24 (1.20-1.29)*
Year of diagnosis 1.01 (0.95-1.08) 0.85 (0.80-0.91)* 1.12 (0.98-1.27)

Cardiac history (yes/no) 1.42 (1.00-2.02)* 0.79 (0.48-1.30) 2.18 (1.29-3.69)*

Chemotherapy (yes/no) 1.20 (0.83-1.72 0.88 (0.53-1.46) 1.70 (1.00-2.89)

BMI coefficient 1** 0.97 (0.85-1.11 0.94 (0.81-1.10) 1.02 (0.81-1.29)

)
)
Endocrine therapy (yes/no) | 1.10 (0.79-1.64) 1.01 (0.66-1.56) 1.69 (0.88-3.26)
)
)

BMI coefficient 2 1.01 (0.96-1.09 1.02 (0.94-1.11) 0.95 (0.82-1.09)

BMI coefficient 3 1.00 (0.87-1.16) 0.98 (0.84-1.13) 1.12 (0.87-1.44)

Abbreviations: BMI, Body Mass Index; 95% Cl, 95% Confidence Interval; HR, Hazard Ratio; RT,
radiotherapy

2 Analysis based on 8,007 and n = 214 cases of cardiac mortality
® Analysis based on N 2,221 individuals with 133 cases of cardiac mortality;

¢ Analysis based on N 5,786 and 81 cases of cardiac mortality;

* statistically significant
** BMI coefficient: adjustments for BMI by using restricted cubic splines with 4 internal knots
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Supplementary Information, S| 4

Multivariate Cox Regression: overall mortality risk in breast cancer patients with radiotherapy for the
ESCaRa cohort and stratified for duration of follow-up

Duration of follow-up

Al >=1-<=10 years® >10 years®

HR 95% ClI HR 95% ClI HR 95% ClI
RT, left vs. right 0.97 (0.90-1.05) 0.93 (0.85-1.02) 1.07 (0.92-1.26)
Age at diagnosis 1.06 (1.06-1.07)* 1.03 (1.02-1.03)* 1.09 (1.08-1.10)*
Year of diagnosis 0.97 (0.96-0.99)* 0.83 (0.81-0.84)* 0.99 (0.95-1.03)
Cardiac history (yes/no) 1.21 (1.07-1.36)* 0.87 (0.75-1.01) 1.22 (0.98-1.52)*
Chemotherapy (yes/no) 1.51 (1.39-1.65)* 1.52 (1.37-1.69)* 1.31 (1.10-1.56)*
Endocrine therapy (yes/no) | 0.77 (0.70-0.85)* 0.71 (0.64-0.79)* 1.21 (0.98-1.50)
BMI coefficient 1** 0.96 (0.92-1.00) 1.01 (0.97-1.05) 0.95 (0.88-1.02)
BMI coefficient 2 1.02 (1.00-1.05) 1.00 (0.97-1.02) 1.02 (0.97-1.07)
BMI coefficient 3 0.97 (0.93-1.01) 1.01 (0.97-1.05) 0.98 (0.90-1.07)

Abbreviations: BMI, Body Mass Index; 95% Cl, 95% Confidence Interval; HR, Hazard Ratio; RT,
radiotherapy

2Analysis based on 8,982 patients: total cohort (N=11,982) with at least one-year follow-up (11,719), with
radiotherapy (8,982); n = 2460 cases of death

®Analysis based on N 2539 and 1833 cases of death

“Analysis based on N 6443 and 627 cases of death

* statistically significant
** BMI coefficient: adjustments for BMI by using restricted cubic splines with 4 internal knots
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Supplementary Information, SI 5

Marginal plot of BMI at time of breast cancer diagnosis using restricted cubic splines with 4 internal
knots plotted against Hazard Ratios for cardiac mortality risk in breast cancer patients with
radiotherapy (all other covariates were held constant)

10

Hazard ratio
5
1

15 : d /

0. .
15 17 19 21 23 25 ¥ 29 31 33 35 37 39 41 43 45 47 49

BMI

Abbreviation: BMI, Body Mass Index;

Dashed lines: 95% confidence intervals
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B Supplementary information on Article Il: A nested case-control study on radiation dose-

response for cardiac events in breast cancer patients in Germany

Supplementary Information, Table A.1

Characteristics of 91 cases and 182 matched controls after breast cancer therapy in 1998-2008 with

available doses from the dosimetry sample

Characteristics Cases Controls
N=91 100 (%) N =182 100 (%)
Year of breast cancer diagnosis
1998-2000 22 24.18 47 25.82
2001-2003 22 24.18 46 25.27
2004-2006 27 29.67 59 32.42
2007-2008 20 21.98 30 16.48
Age at breast cancer diagnosis
Mean 64.09 / 64.07 /
SD* 11.23 / 11.15 /
Laterality
Left 55 60.44 101 55.49
Right 36 39.56 81 44.51
T-stage
1 56 61.54 99 54.40
2 23 25.27 58 31.87
3 3 3.30 4 2.20
4 5 5.49 10 5.49
In situ 3 3.30 9 4.95
Unknown 1 1.10 2 1.10
N-stage
0 63 69.23 109 59.89
1 22 24.18 54 29.67
2 2 2.20 5 3.30
3 2 2.20 7 3.85
X 2 2.20 6 3.30
BMI**
<25.0 35 38.46 86 47.25
225.0 49 53.85 89 48.90
Unknown 7 7.69 7 3.85
History of cardiac disease*
Yes 35 38.46 70 38.46
No/unknown 56 61.54 112 61.54
Chemotherapy
Yes 39 42.86 74 40.66
No 52 57.14 102 56.04
Unknown 0 0.00 6 3.30
Endocrine therapy
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Yes 69 75.82 120 65.93
No 18 19.78 43 23.62
Unknown 4 4.40 19 10.44
Type of surgery
None® 0 0.00 1 0.55
Breast conserving 85 93.41 157 86.26
Mastectomy 6 6.59 24 13.19
Unknown 0 0.00 0 0.00

* SD: Standard deviation ** BMI: Body Mass Index

t Percentages may not add up to a total of 100 due to rounding.

¥ History of cardiac disease at the time of breast cancer diagnosis, including history of cardiac infarction,
coronary heart disease, angina pectoris, NYHA>3, dysrhythmia, vitium cordis or use of a pacemaker.

§ Patients who did not receive breast conserving surgery or mastectomy during their breast cancer
therapy.
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Supplementary Information, Table A.2

Mean, median and standard deviations for the complete heart and left anterior heart wall for different exposure metrics for cases and matched
controls after breast cancer therapy in 1998-2008 stratified by laterality based on 91 cases and 182 controls with available doses from the

dosimetry sample

Structure Metric Laterality Mean Median SD Range
Cases Controls Cases | Controls | Cases | Controls Cases Controls
Complete heart DMEAN [Gy] | Left 3.92 4.38 3.30 3.89 2.13 2.70 1.21-10.75 | 1.00-12.85
Right 1.59 1.70 1.47 1.46 0.73 1.15 0.54-3.77 0.56-9.79
V5Gy [Gy] Left 12.28 13.31 9.93 11.32 9.39 12.35 0.28-37.99 | 0-84.25
Right 2.61 3.12 0 0 5.12 7.29 0-19.89 0-45.52
Left anterior heart wall | DMEAN [Gy] | Left 13.76 15.16 11.70 | 13.29 8.83 | 9.95 2.37-34.99 | 0.96-40.85
Right 1.35 1.56 1.20 | 1.29 0.63 | 1.06 0.23-3.39 | 0.30-7.18
V5Gy [Gy] Left 57.26 55.64 57.34 | 61.94 25.77 | 30.58 3.28-95.36 | 0-100.
Right 0.59 1.89 0 0 2.07 |7.11 0-10.37 0-47.02

64




Supplementary Information, Figure A.1

Boxplots of estimated mean heart dose and V5Gy of cases and matched controls after breast cancer therapy in 1998-2008 depending on case-
control status and laterality for the complete heart and the left anterior heart wall based on 91 cases and 182 controls with available doses from
the dosimetry sample

DMEAN of the complete heart by case-control status and laterality DMEAN of the left anterior heart wall by case-control status and laterality

Cases Controls Cases Controls
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The lines in the boxplots show the median and the rhombs show the mean.
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Supplementary Information, Table A.3

Conditional logistic regression analyses of potential risk factors associated with cardiac morbidity and
cardiac mortality of 91 cases and 182 controls after breast cancer therapy in 1998-2008 with available
doses from the dosimetry sample

Crude Adjustedt
Variables Odds 95% Cl P Odds 95% Cl P
Ratio Ratio
Dose groups for complete heart using
DMEAN [Gy]
1%t quintile (<1.25 Gy) 1.00* 1.00*
2" quintile (21.25 Gy -<1.79 Gy) | 0.96 | 0.41-2.25 92 |0.89 0.37-2.13 | .79
3" quintile (> 1.79 Gy - <2.71 Gy) | 1.27 0.58-2.79 56 | 1.25 0.56-2.79 | .58
4t quintile (2.71 Gy -<4.73 Gy) | 1.14 | 0.50-2.61 .75 | 1.07 0.46-2.47 | .88
5% quintile (24.73 Gy) 1.07 0.47-2.42 .88 | 1.05 0.46-2.40 | .91
Complete heart using DMEAN [Gy], 0.96 0.86-1.08 .52 | 0.96 0.86-1.08 | .54
continuous per 1 Gy
Dose groups for left anterior heart wall
using DMEAN [Gy]
15t quintile (<1.15 Gy) 1.00* 1.00*
2" quintile (21.15 Gy - <2.15 Gy) | 0.92 0.38-2.22 .85 [ 0.91 0.38-2.21 | .84
3" quintile (22.15 Gy -<7.56 Gy) | 1.03 0.45-2.35 .95 | 1.06 0.45-2.49 | .88
4% quintile (27.56 Gy - <18.07 Gy) | 1.70 0.79-3.68 .17 | 1.63 0.75-3.53 | .22
5t quintile (=18.07 Gy) 0.70 0.29-1.68 42 1071 0.29-1.71 | .44
Left anterior heart wall using DMEAN 0.997 | 0.97-1.03 .83 [ 0.997 | 0.97-1.03 | .85
[Gy], continuous per 1 Gy
Chemotherapy
No 1.00* 1.00*
Yes 1.06 0.62-1.81 .83 | 1.12 0.64-1.97 | .69
Endocrine therapy
No 1.00* 1.00*
Yes 1.37 0.75-2.51 31 | 1.38 0.74-2.59 | .32
BMI
<25.0 1.00* 1.00*
>25.0 1.39 0.81-2.38 .23 | 1.36 0.79-2.34 | .26

* Reference category.** BMI: Body Mass Index

t Radiation-related factors are adjusted for chemotherapy, endocrine therapy and BMI. Chemotherapy,
endocrine therapy and BMI are adjusted for each other and DMEAN of the complete heart as continuous
variable.
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Supplementary Information, Table A.4

Conditional logistic regression analyses of percentage of heart volume receiving >5Gy and cardiac
morbidity and cardiac mortality of 91 cases and 182 controls after breast cancer therapy in 1998-2008
with available doses from the dosimetry sample

Crude Adjustedt
Variables Odds | 95% Cl P Odds | 95% ClI P
Ratio Ratio

Groups of percentage of the complete heart
receiving >5 Gy [V5Gy]

<10% 1.00* 1.00*

10%-29% 0.94 | 0.54-1.63 .82 1 0.94 | 0.54-166 | .83

230% 0.87 | 0.26-2.87 .82 | 0.82 0.24-2.80 .76

Percentage of the complete heart receiving 0.997 | 0.97-1.02 .81 | 0.998 | 0.97-1.02 | .89
>5 Gy [V5Gy], continuous per 1%

Groups of percentage of the left anterior
heart wall receiving >5 Gy [V5Gy]

<10% 1.00* 1.00*

10%-29% 0.79 | 0.30-2.07 .62 | 0.79 0.29-2.10 .63

230% 1.43 0.83-2.46 .20 | 143 0.83-2.48 .20
Percentage of the left anterior heart wall 1.003 | 0.96-1.01 .47 | 1.003 | 0.996-1.01 | .47

receiving >5 Gy [V5Gy], continuous per 1%

*Reference category.
t Adjusted for chemotherapy, endocrine therapy and BMI.
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Supplementary Information, Table A.5

Characteristics and results of case-control studies and cohort studies on female breast cancer patients with individual dosimetry of radiotherapy
and risk for major cardiac events

revascularization
Death from ischemic
heart disease (120-125)

revascularization
Death from ischemic
heart disease (120-125)

revascularization
Death from ischemic
heart disease (120-125)

Study Darby et al., 2013 Van den Bogaard et Jacobse et al., 2019 Lorenzen et al., 2020 ESCaRa, 2022
characteristics al., 2017

Country Sweden, Denmark Netherlands Netherlands Denmark Germany

Study type Case-control Cohort Case-control Case-control Case-control

Cases/Controls* | 963/1205 30/910 183/182 196/413 494/988

Treatment 1958-2001 (Sweden), | 2005-2008 1970-2009 1977-2005 1998-2008

period 1977-2000 (Denmark) (<10% after 2000) (>75% >2000)

Mean heart Mean: Median: Median: Median: Median:

dose Cases: 5.4 Gy Left: 4.44 Gy Cases: 8.9 Gy Cases: 0.84 Gy Cases: 3.05 Gy
Controls: 4.5 Gy Right: 1.31 Gy Controls: 8.5 Gy Controls: 0.71 Gy Controls: 3.11 Gy
Left: 6.6 Gy Left: 2.41 Gy Left: 4.30 Gy
Right: 2.9 Gy Right: 0.68 Gy Right: 1.65 Gy

Endpoint Myocardial infarction Myocardial infarction Myocardial infarction Myocardial infarction Cardiac morbidity:
(121-124) (121-124) (121-124) Myocardial infarction,
Coronary Coronary Coronary Angina pectoris,

Congestive heart
failure, Dysrhythmias,
Valvular heart disease
Cardiac mortality:
Cardiac infarction (121—-
123), Chronic heart
disease (125.0-25.9),
Acute ischemic heart
disease (121.0-24.9),
Congestive heart
failure (150.0-150.9),
Angina pectoris (120.0-
120.9), Cardiac arrest
(146), Dysrhythmias
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and conductive
disorder (144.0-149.9),
Vitium cordis (134.0—
37.9)

Inclusion Histologically Surgery Stage I-lll invasive Early stage breast Histologically
criteria confirmed breast Stage I-lll invasive carcinoma or CIS cancetr, confirmed primary and
cancer carcinoma or CIS Surgery Surgery locoregional breast
cancer (invasive
carcinoma or CIS)
Exclusion Bilateral breast cancer, | History of other Prior cancer (apart Bilateral breast cancer, | Bilateral breast cancer,
criteria Metastatic disease at malignant diseases from non-melanoma Unknown laterality, Primary metastatic

time of breast cancer
diagnosis,

Prior cancer (apart
from non-melanoma
skin cancer)

Prior radiotherapy to
thoracic area

Prior radiotherapy or
chemotherapy before
breast cancer

skin cancer)

Breast cancer
recurrence, Distant
metastasis, Second
cancer, Heart failure or
valvular disease at Ml
diagnosis

Prior cancer (apart
from non-melanoma
skin cancer)

No radiotherapy for
breast cancer

disease
No radiotherapy for
breast cancer

Age restriction

<70 years at diagnosis
(Sweden),
<75 years at diagnosis
(Denmark)

No age restriction

<71 years at diagnosis

<75 years at diagnosis

No age restriction (28%
>70 at diagnosis)

Matching
variables

Country of residence,
Age and year of breast
cancer diagnosis (both
within 5 years),
Receipt of
radiotherapy,

No recurrence of
breast cancer, other
cancer or major
coronary event before
index date

n.a.

Age and year of breast
cancer diagnosis (both
within 5 years)

Age and year of breast
cancer diagnosis (both
within 5 years), Time
since radiotherapy
(within 5 years)

Age and year of breast
cancer diagnosis (both
within 5 years), Study
center, cardiac
comorbidities
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Latency time No No No No 1 year after breast
cancer diagnosis
Age at diagnosis | Not available Median: 59 years Median Median Mean

Cases 50.2 years
Controls 50.2 years

62.5—-63.6 years

Cases 64.09 years
Controls 64.07 years

Median follow- | Not available 7.6 years Cases 13.6 years 7.3-7.5 years Cases: 12.52 years
up Controls: 13.7 years Controls: 12.76 years
Definition of Prior of ischemic heart | Prior ischemic heart Prior cardiovascular Prior myocardial Prior cardiac infarction,

baseline cardiac
risk

disease, Risk factors
other than ischemic
heart disease:
Circulatory disease,
COPD, Smoking, BMI,
Analgesic medication,
Other medications
(hormone
replacement, thyroid,
other)

disease, Risk factors
other than ischemic
heart disease:
circulatory disease,
COPD, smoking, BMI,
analgesic medication,
other medications
(hormone
replacement, thyroid,
other)

diseases, Diabetes;
Hypertension,
Smoking, BMI

infarction or angina
pectoris, Prior
circulatory diseases,
Hypertension,
Diabetes, COPD,
Smoking, Obesity,
Hormone replacement

Coronary heart
disease, Angina
pectoris, NYHA >3,
Dysrhythmia, Vitium
cordis, Pacemaker

Occurrence of
baseline cardiac
risk

Cases: 63.3%
Controls: 50.2%

More than one risk
factor: 57.5%

Cases: 57.9%
Controls: 44.5%

Prior myocardial
infarction or angina
pectoris:

Cases 13.8%
Controls: 2.4%
Prior circulatory
disease:

Cases: 17.9%
Controls: 14.5%

Cases: 17%
Controls: 17%

Risk per Gy

7.4% increase per Gy
(95% Cl 2.9%—-14.5%, P
<0.001)

16.5% increase in
cumulative incidence
per Gy (95% Cl 0.6%—
35.0%, P 0.042)

6.4% increase per Gy
(95% Cl 1.3-16.0)

19% increase per Gy
(95% Cl 1%—63%, P
0.02)

OR 0.99 (95% Cl 0.94—
1.05, P 0.73)

* For cohort studies events and cohort size is reported
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Supplementary Information, Table A.6

Conditional logistic regression analysis of risk for cardiac mortality and cardiac morbidity for exposure

of the complete heart and exposure of the left anterior heart wall due to radiotherapy in female

breast cancer patients treated between 1998-2008

Cardiac mortality*

Cardiac morbidity*

Variables Odds 95%Cl | P Odds 95% ClI P
Ratiot Ratiot

Complete heart using DMEAN [Gy], continuous | 1.03 0.91- .66 | 0.98 0.92- 47
per 1 Gy 1.15 1.04
Percentage of the complete heart receiving >5 | 1.00 0.98- .86 | 1.00 0.99- .78
Gy [V5Gy], continuous per 1% 1.02 1.01

Left anterior heart wall using DMEAN [Gy], 1.00 0.97- .80 | 1.00 0.99- .78
continuous per 1 Gy 1.04 1.01
Percentage of the left anterior heart wall 1.00 0.99- .89 | 1.00 0.996- .86
receiving >5 Gy [V5Gy], continuous per 1% 1.01 1.01

* Analysis for cardiac mortality based on 105 cases and 210 controls; analysis of cardiac morbidity based

on 389 cases and 778 controls

t Adjusted for chemotherapy, endocrine therapy and BMI.

71




References

1. Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram |, Jemal A, Bray F. Global Cancer Statistics
2020: GLOBOCAN Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185
Countries. CA: A Cancer  Journal  for  Clinicians 2021;71(3):209-49. doi:
https://doi.org/10.3322/caac.21660

2. Hubner J, Katalinic A, Waldmann A, Kraywinkel K. Long-term Incidence and Mortality Trends for Breast
Cancer in Germany. Geburtshilfe und Frauenheilkunde 2020;80(6):611-18. doi: 10.1055/a-1160-
5569 [published Online First: 2020/06/17]

3. Jatoi I, Chen BE, Anderson WF, Rosenberg PS. Breast Cancer Mortality Trends in the United States
According to Estrogen Receptor Status and Age at Diagnosis. Journal of Clinical Oncology
2007;25(13):1683-90. doi: 10.1200/JC0.2006.09.2106

4. Mattiuzzi C, Lippi G. Current Cancer Epidemiology. J Epidemiol Glob Health 2019;9(4):217-22. doi:
10.2991/jegh.k.191008.001

5. Darby S, McGale P, Correa C, Taylor C, Arriagada R, Clarke M, Cutter D, Davies C, Ewertz M, Godwin J,
Gray R, Pierce L, Whelan T, Wang Y, Peto R. 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):1707-16. doi: 10.1016/s0140-
6736(11)61629-2 [published Online First: 2011/10/25]

6. Clarke M, Collins R, Darby S, Davies C, Elphinstone P, Evans V, Godwin J, Gray R, Hicks C, James S,
MacKinnon E, McGale P, McHugh T, Peto R, Taylor C, Wang Y. Effects of radiotherapy and of
differences in the extent of surgery for early breast cancer on local recurrence and 15-year
survival: an overview of the randomised trials. Lancet 2005;366(9503):2087-106. doi:
10.1016/s0140-6736(05)67887-7 [published Online First: 2005/12/20]

7. Zagar TM, Cardinale DM, Marks LB. Breast cancer therapy-associated cardiovascular disease. Nat Rev
Clin Oncol 2016;13(3):172-84. doi: 10.1038/nrclinonc.2015.171 [published Online First:
2015/11/26]

8. World Health Organization. International Statistical Classification of Diseases and Related Health
Problems 10th Revision (ICD-10)-WHO Version for ;2019-covid-expanded 2019 [Available from:
https://icd.who.int/browse10/2019/en#/C50 accessed 16.02.2022.

9. World Health Organization. ICD-11 for Mortality and Morbidity Statistics (Version : 02/2022) 2022
[Available from: https://icd.who.int/browse11/I-
m/en#t/http%3a%2f%2fid.who.int%2ficd%2fentity%2f1047754165 accessed 16.02.2022.

72



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Akram M, Igbal M, Daniyal M, Khan AU. Awareness and current knowledge of breast cancer. Biol Res
2017;50(1):33-33. doi: 10.1186/s40659-017-0140-9

Tao Z, Shi A, Lu C, Song T, Zhang Z, Zhao J. Breast Cancer: Epidemiology and Etiology. Cell Biochemistry
and Biophysics 2015;72(2):333-38. doi: 10.1007/s12013-014-0459-6

Viale G. The current state of breast cancer classification. Annals of Oncology 2012;23:x207-x10. doi:
10.1093/annonc/mds326

Nascimento R, Otoni K. Histological and molecular classification of breast cancer: what do we know?
Mastology 2020;30 doi: 10.29289/25945394202020200024

Cserni G, Chmielik E, Cserni B, Tot T. The new TNM-based staging of breast cancer. Virchows Archiv
2018;472(5):697-703. doi: 10.1007/s00428-018-2301-9

Goldhirsch A, Ingle JN, Gelber RD, Coates AS, Thirlimann B, Senn HJ. Thresholds for therapies:
highlights of the St Gallen International Expert Consensus on the primary therapy of early breast
cancer 2009. Ann Oncol 2009;20(8):1319-29. doi: 10.1093/annonc/mdp322 [published Online
First: 2009/06/19]

Goldhirsch A, Winer EP, Coates AS, Gelber RD, Piccart-Gebhart M, Thiirlimann B, Senn HJ. 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):2206-23.
doi: 10.1093/annonc/mdt303 [published Online First: 2013/08/07]

Feng Y, Spezia M, Huang S, Yuan C, Zeng Z, Zhang L, Ji X, Liu W, Huang B, Luo W, Liu B, Lei Y, Du S,
Vuppalapati A, Luu HH, Haydon RC, He T-C, Ren G. Breast cancer development and progression:
Risk factors, cancer stem cells, signaling pathways, genomics, and molecular pathogenesis. Genes
Dis 2018;5(2):77-106. doi: 10.1016/j.gendis.2018.05.001

Rojas K, Stuckey A. Breast Cancer Epidemiology and Risk Factors. Clinical Obstetrics and Gynecology
2016;59(4)

Collaborative Group on Hormonal Factors in Breast Cancer. Familial breast cancer: collaborative
reanalysis of individual data from 52 epidemiological studies including 58,209 women with breast
cancer and 101,986 women without the disease. Lancet 2001;358(9291):1389-99. doi:
10.1016/s0140-6736(01)06524-2 [published Online First: 2001/11/14]

Chen S, Parmigiani G. Meta-analysis of BRCA1 and BRCA2 penetrance. Journal of clinical oncology :
official journal of the American Society of Clinical Oncology 2007;25(11):1329-33. doi:
10.1200/JC0.2006.09.1066

Ronckers CM, Erdmann CA, Land CE. Radiation and breast cancer: a review of current evidence. Breast

Cancer Research 2004;7(1):21. doi: 10.1186/bcr970

73



22

23

24

25

26

27

28

29

30

31

. Pike MC, Krailo MD, Henderson BE, Casagrande JT, Hoel DG. 'Hormonal' risk factors, 'breast tissue age'
and the age-incidence of breast cancer. Nature 1983;303(5920):767-70. doi: 10.1038/303767a0
[published Online First: 1983/06/30]

.Veronesi U, Boyle P, Goldhirsch A, Orecchia R, Viale G. Breast cancer. The Lancet 2005;365(9472):1727-
41. doi: 10.1016/50140-6736(05)66546-4

. McPherson K, Steel CM, Dixon JM. Breast cancer—epidemiology, risk factors, and genetics. BMJ
2000;321(7261):624-28. doi: 10.1136/bm;j.321.7261.624

. 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. Lancet
2002;360(9328):187-95. doi: 10.1016/s0140-6736(02)09454-0 [published Online First:
2002/07/23]

. Ali YF, Cucinotta FA, Ning-Ang L, Zhou G. Cancer Risk of Low Dose lonizing Radiation. Frontiers in Physics
2020;8 doi: 10.3389/fphy.2020.00234

. Kazemi A, Barati-Boldaji R, Soltani S, Mohammadipoor N, Esmaeilinezhad Z, Clark CCT, Babajafari S,
Akbarzadeh M. Intake of Various Food Groups and Risk of Breast Cancer: A Systematic Review and
Dose-Response Meta-Analysis of Prospective Studies. Advances in Nutrition 2020;12(3):809-49.
doi: 10.1093/advances/nmaal47

. Garcia-Estévez L, Cortés J, Pérez S, Calvo |, Gallegos |, Moreno-Bueno G. Obesity and Breast Cancer: A
Paradoxical and Controversial Relationship Influenced by Menopausal Status. Frontiers in
Oncology 2021;11 doi: 10.3389/fonc.2021.705911

. van den Brandt PA, Spiegelman D, Yaun SS, Adami HO, Beeson L, Folsom AR, Fraser G, Goldbohm RA,
Graham S, Kushi L, Marshall JR, Miller AB, Rohan T, Smith-Warner SA, Speizer FE, Willett WC, Wolk
A, Hunter DJ. Pooled analysis of prospective cohort studies on height, weight, and breast cancer
risk. Am J Epidemiol 2000;152(6):514-27. doi: 10.1093/aje/152.6.514 [published Online First:
2000/09/21]

. Bergstrom A, Pisani P, Tenet V, Wolk A, Adami HO. Overweight as an avoidable cause of cancer in
Europe. Int J Cancer 2001;91(3):421-30. doi: 10.1002/1097-0215(200002)9999:9999<::aid-
ijc1053>3.0.co;2-t [published Online First: 2001/02/15]

. Renehan AG, Tyson M, Egger M, Heller RF, Zwahlen M. Body-mass index and incidence of cancer: a
systematic review and meta-analysis of prospective observational studies. Lancet
2008;371(9612):569-78. doi: 10.1016/s0140-6736(08)60269-x  [published Online  First:
2008/02/19]

74



32. Reeves GK, Pirie K, Beral V, Green J, Spencer E, Bull D. Cancer incidence and mortality in relation to
body mass index in the Million Women Study: cohort study. Bmj 2007;335(7630):1134. doi:
10.1136/bmj.39367.495995.AE [published Online First: 2007/11/08]

33. Collaborative Group on Hormonal Factors in Breast C. Alcohol, tobacco and breast cancer —
collaborative reanalysis of individual data from 53 epidemiological studies, including 58 515
women with breast cancer and 95 067 women without the disease. British Journal of Cancer
2002;87(11):1234-45. doi: 10.1038/sj.bjc.6600596

34. Wu Y, Zhang D, Kang S. Physical activity and risk of breast cancer: a meta-analysis of prospective
studies. Breast Cancer Res Treat 2013;137(3):869-82. doi: 10.1007/s10549-012-2396-7 [published
Online First: 2013/01/01]

35. Gierisch JM, Coeytaux RR, Urrutia RP, Havrilesky LI, Moorman PG, Lowery WJ, Dinan M, McBroom Al,
Hasselblad V, Sanders GD, Myers ER. Oral contraceptive use and risk of breast, cervical, colorectal,
and endometrial cancers: a systematic review. Cancer Epidemiol Biomarkers Prev
2013;22(11):1931-43. doi: 10.1158/1055-9965.Epi-13-0298 [published Online First: 2013/09/10]

36. Beral V. Breast cancer and hormone-replacement therapy in the Million Women Study. Lancet
2003;362(9382):419-27. doi: 10.1016/s0140-6736(03)14065-2 [published Online First:
2003/08/21]

37.BrayF, Ferlay J, Soerjomataram |, Siegel RL, Torre LA, Jemal A. Global cancer statistics 2018: GLOBOCAN
estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J Clin
2018;68(6):394-424. doi: 10.3322/caac.21492 [published Online First: 2018/09/13]

38. Curado MP, Voti L, Sortino-Rachou AM. Cancer registration data and quality indicators in low and
middle income countries: their interpretation and potential use for the improvement of cancer
care. Cancer Causes & Control 2009;20(5):751-56. doi: 10.1007/s10552-008-9288-5

39. Robert Koch-Institut. Krebs in Deutschland fir 2017/2018. 13. Ausgabe. 2021 [Available from:
https://www.krebsdaten.de/Krebs/DE/Content/Publikationen/Krebs_in_Deutschland/kid_2021/
krebs_in_deutschland_2021.pdf?__blob=publicationFile accessed 17.02.2022.

40. Hortobagyi GN, de la Garza Salazar J, Pritchard K, Amadori D, Haidinger R, Hudis CA, Khaled H, Liu M-
C, Martin M, Namer M, O'Shaughnessy JA, Shen ZZ, Albain KS. The Global Breast Cancer Burden:
Variations in Epidemiology and Survival. Clinical Breast Cancer 2005;6(5):391-401. doi:
https://doi.org/10.3816/CBC.2005.n.043

41. Jedy-Agba E, McCormack V, Adebamowo C, dos-Santos-Silva I. Stage at diagnosis of breast cancer in
sub-Saharan Africa: a systematic review and meta-analysis. The Lancet Global Health

2016;4(12):e923-e35. doi: https://doi.org/10.1016/52214-109X(16)30259-5

75



42.Jha P. Reliable direct measurement of causes of death in low- and middle-income countries. BMC Med
2014;12:19-19. doi: 10.1186/1741-7015-12-19

43. Berrino F, Gatta G, Chessa E, Valente F, Capocaccia R. The EUROCARE Il study. European Journal of
Cancer 1998;34(14):2139-53. doi: 10.1016/5S0959-8049(98)00334-7

44. Coleman MP, Gatta G, Verdecchia A, Esteve J, Sant M, Storm H, Allemani C, Ciccolallo L, Santaquilani
M, Berrino F. EUROCARE-3 summary: cancer survival in Europe at the end of the 20th century. Ann
Oncol 2003;14 Suppl 5:v128-49. doi: 10.1093/annonc/mdg756 [published Online First:
2003/12/20]

45. Richards M. EUROCARE-4 studies bring new data on cancer survival. The Lancet Oncology
2007;8(9):752-53. doi: 10.1016/S1470-2045(07)70247-4

46. Sant M, Allemani C, Santaquilani M, Knijn A, Marchesi F, Capocaccia R. EUROCARE-4. Survival of cancer
patients diagnosed in 1995-1999. Results and commentary. Eur J Cancer 2009;45(6):931-91. doi:
10.1016/j.ejca.2008.11.018 [published Online First: 2009/01/28]

47. Rossi S, Baili P, Capocaccia R, Caldora M, Carrani E, Minicozzi P, Pierannunzio D, Santaquilani M, Trama
A, Allemani C, Belot A, Buzzoni C, Lorez M, De Angelis R, Hackl M, Zielonke N, Oberaigner W, Van
Eycken E, Henau K, Valerianova Z, Dimitrova N, Sekerija M, Zvolsky M, Dusek L, Storm H, Engholm
G, Magi M, Aareleid T, Malila N, Seppa K, Velten M, Troussard X, Bouvier V, Launoy G, Guizard AV,
Faivre J, Bouvier AM, Arveux P, Maynadié M, Woronoff AS, Robaszkiewicz M, Baldi I, Monnereau
A, Tretarre B, Bossard N, Belot A, Colonna M, Molinié F, Bara S, Schvartz C, Lap6tre-Ledoux B,
Grosclaude P, Meyer M, Stabenow R, Luttmann S, Eberle A, Brenner H, Nennecke A, Engel J,
Schubert-Fritschle G, Kieschke J, Heidrich J, Holleczek B, Katalinic A, Jénasson JG, Tryggvadottir L,
Comber H, Mazzoleni G, Bulatko A, Buzzoni C, Giacomin A, Sutera Sardo A, Mazzei A, Ferretti S,
Crocetti E, Manneschi G, Gatta G, Sant M, Amash H, Amati C, Baili P, Berrino F, Bonfarnuzzo S,
Botta L, Di Salvo F, Foschi R, Margutti C, Meneghini E, Minicozzi P, Trama A, Serraino D, Zucchetto
A, De Angelis R, Caldora M, Capocaccia R, Carrani E, Francisci S, Mallone S, Pierannunzio D, Roazzi
P, Rossi S, Santaquilani M, Tavilla A, Pannozzo MNF, Bonelli L, Vercelli M, Gennaro V, Ricci P,
Autelitano M, Randi G, Ponz De Leon M, Marchesi C, Cirilli C, Fusco M, Vitale MF, Usala M, Traina
A, Zarcone M, Vitale F, Cusimano R, Michiara M, Tumino R, Giorgi Rossi P, Vicentini M, Falcini F,
lannelli A, Sechi O, Cesaraccio R, Piffer S, Madeddu A, Tisano F, Maspero S, Fanetti AC, Zanetti R,
Rosso S, Candela P, Scuderi T, Stracci F, Rocca A, Tagliabue G, Contiero P, Dei Tos AP, Tognazzo S,
Pildava S, Smailyte G, Calleja N, Micallef R, Johannesen TB, Rachtan J, G6zdz S, Mezyk R, Blaszczyk
J, Kepska K, Bielska-Lasota M, Forjaz de Lacerda G, Bento MJ, Antunes L, Miranda A, Mayer-da-

Silva A, Nicula F, Coza D, Safaei Diba C, Primic-Zakelj M, Almar E, Mateos A, Errezola M, Larrafiaga

76



N, Torrella-Ramos A, Diaz Garcia JM, Marcos-Navarro Al, Marcos-Gragera R, Vilardell L, Sanchez
MJ, Molina E, Navarro C, Chirlague MD, Moreno-Iribas C, Ardanaz E, Galceran J, Carulla M, Lambe
M, Khan S, Mousavi M, Bouchardy C, Usel M, Ess SM, Frick H, Lorez M, Ess SM, Herrmann C,
Bordoni A, Spitale A, Konzelmann I, Ho V, Siesling S, Coleman M, Allemani C, Rachet B, Verne J,
Easey N, Lawrence G, Moran T, Rashbass J, Roche M, Wilkinson J, Gavin A, Fitzpatrick D, Brewster
DH, Huws DW, White C, Otter R. The EUROCARE-5 study on cancer survival in Europe 1999-2007:
Database, quality checks and statistical analysis methods. European Journal of Cancer
2015;51(15):2104-19. doi: https://doi.org/10.1016/j.ejca.2015.08.001

48. Sant M, Chirlaque Lopez MD, Agresti R, Sanchez Pérez MJ, Holleczek B, Bielska-Lasota M, Dimitrova N,
Innos K, Katalinic A, Langseth H, Larrafiaga N, Rossi S, Siesling S, Minicozzi P. Survival of women
with cancers of breast and genital organs in Europe 1999-2007: Results of the EUROCARE-5 study.
Eur J Cancer 2015;51(15):2191-205. doi: 10.1016/j.ejca.2015.07.022 [published Online First:
2015/10/01]

49, Allemani C, Matsuda T, Di Carlo V, Harewood R, Matz M, Niksi¢ M, Bonaventure A, Valkov M, Johnson
CJ, Esteve J, Ogunbiyi OJ, Azevedo e Silva G, Chen W-Q, Eser S, Engholm G, Stiller CA, Monnereau
A, Woods RR, Visser O, Lim GH, Aitken J, Weir HK, Coleman MP, Bouzbid S, Hamdi-Chérif M, Zaidi
Z, Meguenni K, Regagba D, Bayo S, Cheick Bougadari T, Manraj SS, Bendahhou K, Fabowale A,
Bradshaw D, Somdyala NIM, Kumcher I, Moreno F, Calabrano GH, Espinola SB, Carballo Quintero
B, Fita R, Diumenjo MC, Laspada WD, Ibafiez SG, Lima CA, De Souza PCF, Del Pino K, Laporte C,
Curado MP, de Oliveira JC, Veneziano CLA, Veneziano DB, Latorre MRDO, Tanaka LF, Rebelo MS,
Santos MO, Galaz JC, Aparicio Aravena M, Sanhueza Monsalve J, Herrmann DA, Vargas S, Herrera
VM, Uribe CJ, Bravo LE, Garcia LS, Arias-Ortiz NE, Morantes D, Jurado DM, Yépez Chamorro MC,
Delgado S, Ramirez M, Galan Alvarez YH, Torres P, Martinez-Reyes F, Jaramillo L, Quinto R, Castillo
J, Mendoza M, Cueva P, Yépez JG, Bhakkan B, Deloumeaux J, Joachim C, Macni J, Carrillo R, Shalkow
Klincovstein J, Rivera Gomez R, Poquioma E, Tortolero-Luna G, Zavala D, Alonso R, Barrios E,
Eckstrand A, Nikiforuk C, Noonan G, Turner D, Kumar E, Zhang B, McCrate FR, Ryan S, MaclIntyre
M, Saint-Jacques N, Nishri DE, McClure CA, Vriends KA, Kozie S, Stuart-Panko H, Freeman T, George
JT, Brockhouse JT, O'Brien DK, Holt A, Almon L, Kwong S, Morris C, Rycroft R, Mueller L, Phillips CE,
Brown H, Cromartie B, Schwartz AG, Vigneau F, Levin GM, Wohler B, Bayakly R, Ward KC, Gomez
SL, McKinley M, Cress R, Green MD, Miyagi K, Ruppert LP, Lynch CF, Huang B, Tucker TC, Deapen
D, Liu L, Hsieh MC, Wu XC, Schwenn M, Gershman ST, Knowlton RC, Alverson G, Copeland GE,
Bushhouse S, Rogers DB, Jackson-Thompson J, Lemons D, Zimmerman HJ, Hood M, Roberts-

Johnson J, Rees JR, Riddle B, Pawlish KS, Stroup A, Key C, Wiggins C, Kahn AR, Schymura MJ,

77



Radhakrishnan S, Rao C, Giljahn LK, Slocumb RM, Espinoza RE, Khan F, Aird KG, Beran T, Rubertone
JJ, Slack SJ, Garcia L, Rousseau DL, Janes TA, Schwartz SM, Bolick SW, Hurley DM, Whiteside MA,
Miller-Gianturco P, Williams MA, Herget K, Sweeney C, Johnson AT, Keitheri Cheteri MB, Migliore
Santiago P, Blankenship SE, Farley S, Borchers R, Malicki R, Espinoza JR, Grandpre J, Wilson R,
Edwards BK, Mariotto A, Lei Y, Wang N, Chen JS, Zhou Y, He YT, Song GH, Gu XP, Mei D, Mu HJ, Ge
HM, Wu TH, Li YY, Zhao DL, Jin F, Zhang JH, Zhu FD, Junhua Q, Yang YL, Jiang CX, Biao W, Wang J,
Li QL, Yi H, Zhou X, Dong J, Li W, Fu FX, Liu SZ, Chen JG, Zhu J, Li YH, Lu YQ, Fan M, Huang SQ, Guo
GP, Zhaolai H, Wei K, Zeng H, Demetriou AV, Mang WK, Ngan KC, Kataki AC, Krishnatreya M,
Jayalekshmi PA, Sebastian P, Nandakumar A, Malekzadeh R, Roshandel G, Keinan-Boker L,
Silverman BG, Ito H, Nakagawa H, Sato M, Tobori F, Nakata I, Teramoto N, Hattori M, Kaizaki Y,
Moki F, Sugiyama H, Utada M, Nishimura M, Yoshida K, Kurosawa K, Nemoto Y, Narimatsu H,
Sakaguchi M, Kanemura S, Naito M, Narisawa R, Miyashiro |, Nakata K, Sato S, Yoshii M, Oki I,
Fukushima N, Shibata A, Iwasa K, Ono C, Nimri O, Jung KW, Won YJ, Alawadhi E, Elbasmi A, Ab
Manan A, Adam F, Sanjaajmats E, Tudev U, Ochir C, Al Khater AM, El Mistiri MM, Teo YY, Chiang
CJ, Lee WC, Buasom R, Sangrajrang S, Kamsa-ard S, Wiangnon S, Daoprasert K, Pongnikorn D,
Leklob A, Sangkitipaiboon S, Geater SL, Sriplung H, Ceylan O, Kog |, Dirican O, Kése T, Gurbuz T,
Karasahin FE, Turhan D, Aktas U, Halat Y, Yakut Cl, Altinisik M, Cavusoglu Y, Tiirkkéyli A, Uglincii
N, Hackl M, Zborovskaya AA, Aleinikova OV, Henau K, Van Eycken L, Valerianova Z, Yordanova MR,
§ekerija M, Dusek L, Zvolsky M, Storm H, Innos K, Magi M, Malila N, Seppa K, Jégu J, Velten M,
Cornet E, Troussard X, Bouvier AM, Guizard AV, Bouvier V, Launoy G, Arveux P, Maynadié M,
Mounier M, Woronoff AS, Daoulas M, Robaszkiewicz M, Clavel J, Goujon S, Lacour B, Baldi I,
Pouchieu C, Amadeo B, Coureau G, Orazio S, Preux PM, Rharbaoui F, Marrer E, Trétarre B, Colonna
M, Delafosse P, Ligier K, Plouvier S, Cowppli-Bony A, Molinié F, Bara S, Ganry O, Lapotre-Ledoux B,
Grosclaude P, Bossard N, Uhry Z, Bray F, Pifieros M, Stabenow R, Wilsdorf-Kéhler H, Eberle A,
Luttmann S, Lohden I, Nennecke AL, Kieschke J, Sirri E, Emrich K, Zeissig SR, Holleczek B, Eisemann
N, Katalinic A, Asquez RA, Kumar V, Petridou E, Olafsdéttir EJ, Tryggvadéttir L, Clough-Gorr K,
Walsh PM, Sundseth H, Mazzoleni G, Vittadello F, Coviello E, Cuccaro F, Galasso R, Sampietro G,
Giacomin A, Magoni M, Ardizzone A, D'Argenzio A, Castaing M, Grosso G, Lavecchia AM, Sutera
Sardo A, Gola G, Gatti L, Ricci P, Ferretti S, Serraino D, Zucchetto A, Celesia MV, Filiberti RA,
Pannozzo F, Melcarne A, Quarta F, Russo AG, Carrozzi G, Cirilli C, Cavalieri d'Oro L, Rognoni M,
Fusco M, Vitale MF, Usala M, Cusimano R, Mazzucco W, Michiara M, Sgargi P, Boschetti L, Borciani
E, Seghini P, Maule MM, Merletti F, Tumino R, Mancuso P, Vicentini M, Cassetti T, Sassatelli R,

Falcini F, Giorgetti S, Caiazzo AL, Cavallo R, Cesaraccio R, Pirino DR, Contrino ML, Tisano F, Fanetti

78



AC, Maspero S, Carone S, Mincuzzi A, Candela G, Scuderi T, Gentilini MA, Piffer S, Rosso S, Barchielli
A, Caldarella A, Bianconi F, Stracci F, Contiero P, Tagliabue G, Rugge M, Zorzi M, Beggiato S,
Brustolin A, Berrino F, Gatta G, Sant M, Buzzoni C, Mangone L, Capocaccia R, De Angelis R, Zanetti
R, Maurina A, Pildava S, Lipunova N, Vincerzevskiené |, Agius D, Calleja N, Siesling S, Largnningen
S, Mgller B, Dyzmann-Sroka A, Trojanowski M, Gézdz S, Mezyk R, Mierzwa T, Molong L, Rachtan J,
Szewczyk S, Btaszczyk J, Kepska K, Kosciariska B, Tarocinska K, Zwierko M, Drosik K, Maksimowicz
KM, Purwin-Porowska E, Reca E, Wdjcik-Tomaszewska J, Tukiendorf A, Gradalska-Lampart M,
Radziszewska AU, Gos A, Talerczyk M, Wyborska M, Didkowska JA, Wojciechowska U, Bielska-
Lasota M, Forjaz de Lacerda G, Rego RA, Bastos J, Silva MA, Antunes L, Laranja Pontes J, Mayer-da-
Silva A, Miranda A, Blaga LM, Coza D, Gusenkova L, Lazarevich O, Prudnikova O, Vjushkov DM,
Egorova AG, Orlov AE, Kudyakov LA, Pikalova LV, Adamcik J, Safaei Diba C, Primic-Zakelj M, Zadnik
V, Larrafiaga N, Lopez de Munain A, Herrera AA, Redondas R, Marcos-Gragera R, Vilardell Gil ML,
Molina E, Sdnchez Perez MJ, Franch Sureda P, Ramos Montserrat M, Chirlaque MD, Navarro C,
Ardanaz EE, Guevara MM, Fernandez-Delgado R, Peris-Bonet R, Carulla M, Galceran J, Alberich C,
Vicente-Raneda M, Khan S, Pettersson D, Dickman P, Avelina |, Staehelin K, Camey B, Bouchardy
C, Schaffar R, Frick H, Herrmann C, Bulliard JL, Maspoli-Conconi M, Kuehni CE, Redmond SM,
Bordoni A, Ortelli L, Chiolero A, Konzelmann |, Matthes KL, Rohrmann S, Broggio J, Rashbass J,
Fitzpatrick D, Gavin A, Clark DI, Deas AJ, Huws DW, White C, Montel L, Rachet B, Turculet AD,
Stephens R, Chalker E, Phung H, Walton R, You H, Guthridge S, Johnson F, Gordon P, D'Onise K,
Priest K, Stokes BC, Venn A, Farrugia H, Thursfield V, Dowling J, Currow D, Hendrix J, Lewis C. Global
surveillance of trends in cancer survival 2000-14 (CONCORD-3): analysis of individual records for
37 513 025 patients diagnosed with one of 18 cancers from 322 population-based registries in 71
countries. The Lancet 2018;391(10125):1023-75. doi: https://doi.org/10.1016/50140-
6736(17)33326-3

50. Guo F, Kuo Y-f, Shih YCT, Giordano SH, Berenson AB. Trends in breast cancer mortality by stage at
diagnosis among young women in the United States. Cancer 2018;124(17):3500-09. doi:
https://doi.org/10.1002/cncr.31638

51. European Cancer Information System. Estimates of survival, by country anc cancer site: Age-specific 5-
year rleative survival 2022 [Available from: https://ecis.jrc.ec.europa.eu/explorer.php?$0-251-
DES2-AllIS4-253-2956-0,1455-2000,200757-1SCRelativeSurvivalAgeGroup$X0_15-
RSCSCRelativeSurvivalFollow$X1_-1-$X1_15-RSC accessed 18.02.2022.

79



52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Trimboli RM, Giorgi Rossi P, Battisti NML, Cozzi A, Magni V, Zanardo M, Sardanelli F. Do we still need
breast cancer screening in the era of targeted therapies and precision medicine? Insights into
Imaging 2020;11(1):105. doi: 10.1186/s13244-020-00905-3

Plevritis SK, Munoz D, Kurian AW, Stout NK, Alagoz O, Near AM, Lee SJ, van den Broek JJ, Huang X,
Schechter CB, Sprague BL, Song J, de Koning HJ, Trentham-Dietz A, van Ravesteyn NT, Gangnon R,
ChandlerY, Li Y, Xu C, Ergun MA, Huang H, Berry DA, Mandelblatt JS. Association of Screening and
Treatment With Breast Cancer Mortality by Molecular Subtype in US Women, 2000-2012. JAMA
2018;319(2):154-64. doi: 10.1001/jama.2017.19130

McGale P, Taylor C, Correa C, Cutter D, Duane F, Ewertz M, Gray R, Mannu G, Peto R, Whelan T, Wang
Y, Wang Z, Darby S. 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):2127-35. doi: 10.1016/s0140-
6736(14)60488-8 [published Online First: 2014/03/25]

Shah C, Al-Hilli Z, Vicini F. Advances in Breast Cancer Radiotherapy: Implications for Current and Future
Practice. JCO Oncology Practice 2021;17(12):697-706. doi: 10.1200/0p.21.00635

Loibl S, Poortmans P, Morrow M, Denkert C, Curigliano G. Breast cancer. The Lancet
2021;397(10286):1750-69. doi: 10.1016/50140-6736(20)32381-3

Harris JR. Fifty Years of Progress in Radiation Therapy for Breast Cancer. American Society of Clinical
Oncology Educational Book 2014(34):21-25. doi: 10.14694/EdBook_AM.2014.34.21

Taylor CW, Nisbet A, McGale P, Darby SC. Cardiac Exposures in Breast Cancer Radiotherapy: 1950s—
1990s. International Journal of Radiation Oncology*Biology*Physics 2007;69(5):1484-95. doi:
https://doi.org/10.1016/j.ijrobp.2007.05.034

Bucci MK, Bevan A, Roach Ill M. Advances in Radiation Therapy: Conventional to 3D, to IMRT, to 4D,
and Beyond. CA: A Cancer Journal for Clinicians 2005;55(2):117-34. doi:
https://doi.org/10.3322/canjclin.55.2.117

Benveniste MF, Gomez D, Carter BW, Cuellar SLB, Shroff GS, Benveniste APA, Odisio EG, Marom EM.
Recognizing Radiation Therapy—related Complications in the Chest. RadioGraphics
2019;39(2):344-66. doi: 10.1148/rg.2019180061

Barsoum M, Mostafa M, El Hossieny H, Nasr A, Mahmoud M, Fouda S. Dosimetric prospective study
comparing 2D and 3D planning for irradiation of supraclavicular and infraclavicular regions in
breast cancer patients. J Egypt Natl Canc Inst 2015;27(1):25-34. doi: 10.1016/].jnci.2014.11.003
[published Online First: 2015/01/30]

80



62. Thariat J, Hannoun-Levi JM, Sun Myint A, Vuong T, Gérard JP. Past, present, and future of radiotherapy
for the benefit of patients. Nat Rev Clin Oncol 2013;10(1):52-60. doi: 10.1038/nrclinonc.2012.203
[published Online First: 2012/11/28]

63. Xu D, Li G, Li H, Jia F. Comparison of IMRT versus 3D-CRT in the treatment of esophagus cancer: A
systematic review and meta-analysis. Medicine (Baltimore) 2017;96(31):e7685-e85. doi:
10.1097/MD.0000000000007685

64. UPMC Hillman Cancer Center. Radiation Oncology 2022 [Available from:
https://hillman.upmc.com/cancer-care/radiation-oncology/treatment/external-beam/3d-
conformal accessed 01.03.2022.

65. Haviland JS, Owen JR, Dewar JA, Agrawal RK, Barrett J, Barrett-Lee PJ, Dobbs HJ, Hopwood P, Lawton
PA, Magee BJ, Mills J, Simmons S, Sydenham MA, Venables K, Bliss JM, Yarnold JR. 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.
The Lancet Oncology 2013;14(11):1086-94. doi: https://doi.org/10.1016/S1470-2045(13)70386-3

66. Schreuder K, Maduro JH, Spronk PER, Bijker N, Poortmans PMP, van Dalen T, Struikmans H, Siesling S.
Variation in the Use of Boost Irradiation in Breast-Conserving Therapy in the Netherlands: The
Effect of a National Guideline and Cofounding Factors. Clin Oncol (R Coll Radiol) 2019;31(4):250-
59. doi: 10.1016/j.clon.2018.11.033 [published Online First: 2018/12/13]

67. Gulstene S, Raziee H. Radiation Boost After Adjuvant Whole Breast Radiotherapy: Does Evidence
Support Practice for Close Margin and Altered Fractionation? Frontiers in Oncology 2020;10 doi:
10.3389/fonc.2020.00772

68. Bartelink H, Maingon P, Poortmans P, Weltens C, Fourquet A, Jager J, Schinagl D, Oei B, Rodenhuis C,
Horiot J-C, Struikmans H, Van Limbergen E, Kirova Y, Elkhuizen P, Bongartz R, Miralbell R, Morgan
D, Dubois J-B, Remouchamps V, Mirimanoff R-O, Collette S, Collette L. 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. The Lancet Oncology 2015;16(1):47-56. doi:
https://doi.org/10.1016/51470-2045(14)71156-8

69. Kindts |, Laenen A, Depuydt T, Weltens C. Tumour bed boost radiotherapy for women after breast-
conserving surgery. Cochrane Database Syst Rev 2017;11(11):CD011987-CD87. doi:
10.1002/14651858.CD011987.pub2

70. Atean |, Pointreau Y, Barillot I, Kirova YM. [Organs at risk and target volumes: definition for conformal
radiation therapy in breast cancer]. Cancer Radiother 2012;16(5-6):485-92. doi:
10.1016/j.canrad.2012.06.002 [published Online First: 2012/08/29]

81



71. Howell R. Second Primary Cancers and Cardiovascular Disease after Radiation Therapy. NCRP Report
No. 170. Med Phys 2012;39(12):7729-31. doi: 10.1118/1.4765651 [published Online First:
2012/12/01]

72. Simonetto C, Wollschlager D, Kundrat P, Ulanowski A, Becker J, Castelletti N, Giithlin D, Shemiakina E,
Eidemdller M. Estimating long-term health risks after breast cancer radiotherapy: merging
evidence from low and high doses. Radiation and Environmental Biophysics 2021;60(3):459-74.
doi: 10.1007/s00411-021-00924-8

73. Shore RE, Beck HL, Boice JD, Caffrey EA, Davis S, Grogan HA, Mettler FA, Preston RJ, Till JE, Wakeford
R, Walsh L, Dauer LT. Implications of recent epidemiologic studies for the linear nonthreshold
model and radiation protection. J Radiol Prot 2018;38(3):1217-33. doi: 10.1088/1361-
6498/aad348 [published Online First: 2018/07/14]

74. Libby P, Ridker PM, Maseri A. Inflammation and Atherosclerosis. Circulation 2002;105(9):1135-43. doi:
doi:10.1161/hc0902.104353

75. Lee MS, Finch W, Mahmud E. Cardiovascular complications of radiotherapy. Am J Cardiol
2013;112(10):1688-96. doi: 10.1016/j.amjcard.2013.07.031 [published Online First: 2013/09/10]

76. Darby SC, Ewertz M, McGale P, Bennet AM, Blom-Goldman U, Brennum D, Correa C, Cutter D, Gagliardi
G, Gigante B, Jensen M-B, Nisbet A, Peto R, Rahimi K, Taylor C, Hall P. Risk of Ischemic Heart Disease
in Women after Radiotherapy for Breast Cancer. New England Journal of Medicine
2013;368(11):987-98. doi: 10.1056/NEJM0al1209825

77.Taylor CW, Povall JM, McGale P, Nisbet A, Dodwell D, Smith JT, Darby SC. Cardiac Dose From Tangential
Breast Cancer Radiotherapy in the Year 2006. International Journal of Radiation Oncology, Biology,
Physics 2008;72(2):501-07. doi: 10.1016/j.ijrobp.2007.12.058

78. Wollschlager D, Karle H, Stockinger M, Bartkowiak D, Biihrdel S, Merzenich H, Wiegel T, Blettner M,
Schmidberger H. Radiation dose distribution in functional heart regions from tangential breast
cancer radiotherapy. Radiother Oncol 2016;119(1):65-70. doi: 10.1016/j.radonc.2016.01.020
[published Online First: 2016/02/15]

79. Drost L, Yee C, Lam H, Zhang L, Wronski M, McCann C, Lee J, Vesprini D, Leung E, Chow E. A Systematic
Review of Heart Dose in Breast Radiotherapy. Clin Breast Cancer 2018;18(5):e819-e24. doi:
10.1016/j.clbc.2018.05.010 [published Online First: 2018/07/08]

80. 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. Int J Radiat
Oncol Biol Phys 2015;93(4):845-53. doi: 10.1016/].ijrobp.2015.07.2292 [published Online First:
2015/11/05]

82



81. Jacob S, Camilleri J, Derreumaux S, Walker V, Lairez O, Lapeyre M, Bruguiere E, Pathak A, Bernier M-O,
Laurier D, Ferrieres J, Gallocher O, Latorzeff I, Pinel B, Franck D, Chevelle C, Jimenez G, Broggio D.
Is mean heart dose a relevant surrogate parameter of left ventricle and coronary arteries exposure
during breast cancer radiotherapy: a dosimetric evaluation based on individually-determined
radiation dose (BACCARAT study). Radiation Oncology 2019;14(1):29. doi: 10.1186/s13014-019-
1234-z

82.van den Bogaard VA, Ta BD, van der Schaaf A, Bouma AB, Middag AM, Bantema-Joppe EJ, van Dijk LV,
van Dijk-Peters FB, Marteijn LA, de Bock GH, Burgerhof JG, Gietema JA, Langendijk JA, Maduro JH,
Crijns AP. Validation and Modification of a Prediction Model for Acute Cardiac Events in Patients
With Breast Cancer Treated With Radiotherapy Based on Three-Dimensional Dose Distributions to
Cardiac Substructures. J Clin Oncol 2017;35(11):1171-78. doi: 10.1200/jc0.2016.69.8480
[published Online First: 2017/01/18]

83. Wennstig A-K, Garmo H, Isacsson U, Gagliardi G, Rintela N, Lagerqvist B, Holmberg L, Blomqvist C, Sund
M, Nilsson G. The relationship between radiation doses to coronary arteries and location of
coronary stenosis requiring intervention in breast cancer survivors. Radiation Oncology
2019;14(1):40. doi: 10.1186/s13014-019-1242-z

84. Jagsi R, Griffith KA, Moran JM, Matuszak MM, Marsh R, Grubb M, Abu-Isa E, Dilworth JT, Dominello
MM, Heimburger D, Lack D, Walker EM, Hayman JA, Vicini F, Pierce LJ. Comparative Effectiveness
Analysis of 3D-Conformal Radiation Therapy Versus Intensity Modulated Radiation Therapy (IMRT)
in a Prospective Multicenter Cohort of Patients With Breast Cancer. International Journal of
Radiation Oncology*Biology*Physics 2022;112(3):643-53. doi:
https://doi.org/10.1016/j.ijrobp.2021.09.053

85. Zhao H, He M, Cheng G, Han D, Wu N, Shi D, Zhao Z, Jin J. A comparative dosimetric study of left sided
breast cancer after breast-conserving surgery treated with VMAT and IMRT. Radiation Oncology
2015;10(1):231. doi: 10.1186/s13014-015-0531-4

86. Yue NJ, Goyal S, Park JH, Jones S, Xu X, Khan A, Haffty BG, Chen T. Optimization of Heart Block in the
Left-Sided Whole Breast Radiation Treatments. Frontiers in Oncology 2014;4 doi:
10.3389/fonc.2014.00342

87. Bolukbasi Y, Selek U. Modern Radiotherapy Era in Breast Cancer2017.

88. Yao S, Zhang Y, Nie K, Liu B, Haffty BG, Ohri N, Yue NJ. Setup uncertainties and the optimal imaging
schedule in the prone position whole breast radiotherapy. Radiation Oncology 2019;14(1):76. doi:
10.1186/s13014-019-1282-4

83



89.Teoh M, Clark CH, Wood K, Whitaker S, Nisbet A. Volumetric modulated arc therapy: a review of current
literature and clinical use in practice. Br J Radiol 2011;84(1007):967-96. doi:
10.1259/bjr/22373346

90. Kang Z, Chen S, Shi L, He Y, Gao X. Predictors of heart and lung dose in left-sided breast cancer treated
with VMAT relative to 3D-CRT: A retrospective study. PLoS One 2021;16(6):e0252552. doi:
10.1371/journal.pone.0252552 [published Online First: 2021/06/10]

91. Bentzen SM, Agrawal RK, Aird EG, Barrett JM, Barrett-Lee PJ, Bliss JM, Brown J, Dewar JA, Dobbs HJ,
Haviland JS, Hoskin PJ, Hopwood P, Lawton PA, Magee BJ, Mills J, Morgan DA, Owen JR, Simmons
S, Sumo G, Sydenham MA, Venables K, Yarnold JR. The UK Standardisation of Breast Radiotherapy
(START) Trial A of radiotherapy hypofractionation for treatment of early breast cancer: a
randomised trial. Lancet Oncol 2008;9(4):331-41. doi: 10.1016/s1470-2045(08)70077-9 [published
Online First: 2008/03/22]

92. Bentzen SM, Agrawal RK, Aird EG, Barrett JM, Barrett-Lee PJ, Bentzen SM, Bliss JM, Brown J, Dewar JA,
Dobbs HJ, Haviland JS, Hoskin PJ, Hopwood P, Lawton PA, Magee BJ, Mills J, Morgan DA, Owen JR,
Simmons S, Sumo G, Sydenham MA, Venables K, Yarnold JR. The UK Standardisation of Breast
Radiotherapy (START) Trial B of radiotherapy hypofractionation for treatment of early breast
cancer: a randomised trial. Lancet 2008;371(9618):1098-107. doi: 10.1016/s0140-6736(08)60348-
7 [published Online First: 2008/03/22]

93. Whelan T, MacKenzie R, Julian J, Levine M, Shelley W, Grimard L, Lada B, Lukka H, Perera F, Fyles A,
Laukkanen E, Gulavita S, Benk V, Szechtman B. Randomized trial of breast irradiation schedules
after lumpectomy for women with lymph node-negative breast cancer. J Nat/ Cancer Inst
2002;94(15):1143-50. doi: 10.1093/jnci/94.15.1143 [published Online First: 2002/08/08]

94. Yarnold J, Ashton A, Bliss J, Homewood J, Harper C, Hanson J, Haviland J, Bentzen S, Owen R.
Fractionation sensitivity and dose response of late adverse effects in the breast after radiotherapy
for early breast cancer: long-term results of a randomised trial. Radiother Oncol 2005;75(1):9-17.
doi: 10.1016/j.radonc.2005.01.005 [published Online First: 2005/05/10]

95. Owen JR, Ashton A, Bliss J]M, Homewood J, Harper C, Hanson J, Haviland J, Bentzen SM, Yarnold JR.
Effect of radiotherapy fraction size on tumour control in patients with early-stage breast cancer
after local tumour excision: long-term results of a randomised trial. Lancet Oncol 2006;7(6):467-
71. doi: 10.1016/s1470-2045(06)70699-4 [published Online First: 2006/06/06]

96. Whelan TJ, Pignol JP, Levine MN, Julian JA, MacKenzie R, Parpia S, Shelley W, Grimard L, Bowen J, Lukka

H, Perera F, Fyles A, Schneider K, Gulavita S, Freeman C. Long-term results of hypofractionated

84



radiation therapy for breast cancer. N Engl J Med 2010;362(6):513-20. doi:
10.1056/NEJM0a0906260 [published Online First: 2010/02/12]
97. Leitlinienprogramm Onkologie - Deutsche Krebsgesellschaft DK, AWMF. S3-Leitlinie Friiherkennung,

Diagnose, Therapie und Nachsorge des

Mammakarzinoms, Version 4.4, 2021, AWMF Registernummer: 032-0450L 2021 [Available from:
http://www.leitlinienprogramm-onkologie.de/leitlinien/mammakarzinom/ accessed 25.02.2022.

98. Gandjour A, lhle P, Schubert I. Einfluss der demographischen Entwicklung auf Gesundheitsausgaben in
Deutschland: Eine Analyse unter Berlicksichtigung der Ausgaben Versterbender.
Gesundheitswesen 2008;70(02):77-80.

99. Bodai BI, Tuso P. Breast cancer survivorship: a comprehensive review of long-term medical issues and
lifestyle recommendations. The Permanente journal 2015;19(2):48-79. doi: 10.7812/TPP/14-241

100. Xie Y, Collins WJ, Audeh MW, Shiao SL, Gottlieb RA, Goodman MT, Merz CNB, Mehta PK. Breast Cancer
Survivorship and Cardiovascular Disease: Emerging Approaches in Cardio-Oncology. Current
Treatment Options in Cardiovascular Medicine 2015;17(12):60. doi: 10.1007/s11936-015-0421-y

101. Bovelli D, Plataniotis G, Roila F. Cardiotoxicity of chemotherapeutic agents and radiotherapy-related
heart disease: ESMO Clinical Practice Guidelines. Annals of Oncology 2010;21:v277-v82. doi:
10.1093/annonc/mdq200

102. Volkova M, Russell R, 3rd. Anthracycline cardiotoxicity: prevalence, pathogenesis and treatment. Curr
Cardiol Rev 2011;7(4):214-20. doi: 10.2174/157340311799960645

103. Wollschlager D, Merzenich H, Schwentner L, Janni W, Wiegel T, Bartkowiak D, Wockel A, Schmidt M,
Schmidberger H, Blettner M. Self-reported long-term cardiac morbidity in breast cancer patients:
a retrospective cohort study in Germany (PASSOS Heart Study). Breast Cancer Res Treat
2017;163(3):595-604. doi: 10.1007/s10549-017-4215-7 [published Online First: 2017/03/30]

104. Gernaat SAM, Ho PJ, Rijnberg N, Emaus MJ, Baak LM, Hartman M, Grobbee DE, Verkooijen HM. Risk
of death from cardiovascular disease following breast cancer: a systematic review. Breast cancer
research and treatment 2017;164(3):537-55. doi: 10.1007/s10549-017-4282-9 [published Online
First: 2017/05/13]

105. Wollschlager D, Karle H, Stockinger M, Bartkowiak D, Biihrdel S, Merzenich H, Wiegel T, Schmidberger
H, Blettner M. Predicting Heart Dose in Breast Cancer Patients Who Received 3D Conformal
Radiation Therapy. Health Phys 2017;112(1):1-10. doi: 10.1097/hp.0000000000000577 [published
Online First: 2016/12/03]

85



106.

107.

108.

1009.

110.

111.

112.

113.

114.

McGale P, Darby SC, Hall P, Adolfsson J, Bengtsson NO, Bennet AM, Fornander T, Gigante B, Jensen
MB, Peto R, Rahimi K, Taylor CW, Ewertz M. Incidence of heart disease in 35,000 women treated
with radiotherapy for breast cancer in Denmark and Sweden. Radiother Oncol 2011;100(2):167-
75. doi: 10.1016/j.radonc.2011.06.016 [published Online First: 2011/07/15]

Cheng YJ, Nie XY, Ji CC, Lin XX, Liu LJ, Chen XM, Yao H, Wu SH. Long-Term Cardiovascular Risk After
Radiotherapy in Women With Breast Cancer. Journal of the American Heart Association
2017;6(5):e005633. doi: doi:10.1161/JAHA.117.005633

Darby SC, McGale P, Taylor CW, Peto R. Long-term mortality from heart disease and lung cancer after
radiotherapy for early breast cancer: prospective cohort study of about 300 000 women in US SEER
cancer registries. The Lancet Oncology 2005;6(8):557-65. doi: https://doi.org/10.1016/5S1470-
2045(05)70251-5

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. British Journal of Cancer
2013;108(1):179-82. doi: 10.1038/bjc.2012.575

Rutter CE, Chagpar AB, Evans SB. Breast Cancer Laterality Does Not Influence Survival in a Large
Modern Cohort: Implications for Radiation-Related Cardiac Mortality. International Journal of
Radiation Oncology, Biology, Physics 2014;90(2):329-34. doi: 10.1016/j.ijrobp.2014.06.030

Boero |, Paravati A, Triplett D, Hwang L, Matsuno R, Gillespie E, Yashar C, Moiseenko V, Einck J, Mell
L, Parikh S, Murphy J. Modern Radiation Therapy and Cardiac Outcomes in Breast Cancer.
International  Journal of Radiation  Oncology*Biology*Physics  2015;93:5107. doi:
10.1016/j.ijrobp.2015.07.257

Bouchardy C, Rapiti E, Usel M, Majno SB, Vlastos G, Benhamou S, Miralbell R, Neyroud-Caspar |,
Verkooijen HM, Vinh-Hung V. Excess of cardiovascular mortality among node-negative breast
cancer patients irradiated for inner-quadrant tumors. Ann Oncol 2010;21(3):459-65. doi:
10.1093/annonc/mdp341 [published Online First: 2009/08/26]

Li W-H, Zhang Z-G, Huang Z-R, Zhang W, Li Z-B, Qi Z-Q. No association between tumor laterality and
cardiac-related mortality in breast cancer patients after radiotherapy: a population-based study.
Cancer Manag Res 2018;10:3649-56. doi: 10.2147/CMAR.S172595

Boero lJ, Paravati AJ, Triplett DP, Hwang L, Matsuno RK, Gillespie EF, Yashar CM, Moiseenko V, Einck
JP, Mell LK, Parikh SA, Murphy JD. Modern Radiation Therapy and Cardiac Outcomes in Breast
Cancer. Int J Radiat Oncol Biol Phys 2016;94(4):700-8. doi: 10.1016/j.ijrobp.2015.12.018
[published Online First: 2016/03/15]

86



115.

116.

117.

118.

119.

120.

121.

122.

123.

Obi N, Eulenburg C, Seibold P, Eilber U, Thone K, Behrens S, Chang-Claude J, Flesch-Janys D.
Associations between adjuvant radiotherapy and different causes of death in a German breast
cancer cohort. The Breast 2018;38:75-80. doi: 10.1016/j.breast.2017.12.006

Merzenich H, Bartkowiak D, Schmidberger H, Schmidt M, Schwentner L, Wiegel T, Woeckel A,
Wollschlager D, Blettner M. 3D conformal radiotherapy is not associated with the long-term
cardiac mortality in breast cancer patients: a retrospective cohort study in Germany (PASSOS-
Heart Study). Breast Cancer Res Treat 2017;161(1):143-52. doi: 10.1007/s10549-016-4042-2
[published Online First: 2016/11/03]

Henson KE, McGale P, Darby SC, Parkin M, Wang Y, Taylor CW. Cardiac mortality after radiotherapy,
chemotherapy and endocrine therapy for breast cancer: Cohort study of 2 million women from 57
cancer registries in 22 countries. International Journal of Cancer 2020;147(5):1437-49. doi:
https://doi.org/10.1002/ijc.32908

Boekel NB, Schaapveld M, Gietema JA, Russell NS, Poortmans P, Theuws JC, Schinagl DA, Rietveld DH,
Versteegh M, Visser O, Rutgers EJ, Aleman BM, van Leeuwen FE. Cardiovascular Disease Risk in a
Large, Population-Based Cohort of Breast Cancer Survivors. Int J Radiat Oncol Biol Phys
2016;94(5):1061-72. doi: 10.1016/].ijrobp.2015.11.040 [published Online First: 2016/03/31]

Rehammar J, Jensen M-B, McGale P, Lorenzen E, Taylor C, Darby S, Videbzek L, Wang Z, Ewertz M.
Risk of heart disease in relation to radiotherapy and chemotherapy with anthracyclines among
19,464 breast cancer patients in Denmark, 1977-2005. Radiotherapy and oncology : journal of the
European  Society  for  Therapeutic  Radiology = and  Oncology  2017;123  doi:
10.1016/j.radonc.2017.03.012

Cho WK, Park W, Choi DH, Cha H, Nam SJ, Kim SW, Lee JE, Yu J, Im YH, Ahn JS, Park YH, Kim JY. Which
Patients with Left Breast Cancer Should be Candidates for Heart-Sparing Radiotherapy? J Breast
Cancer 2018;21(2):206-12. doi: 10.4048/jbc.2018.21.2.206 [published Online First: 2018/07/03]

Milo MLH, Thorsen LBJ, Johnsen SP, Nielsen KM, Valentin JB, Alsner J, Offersen BV. Risk of coronary
artery disease after adjuvant radiotherapy in 29,662 early breast cancer patients: A population-
based Danish Breast Cancer Group study. Radiotherapy and Oncology 2021;157:106-13. doi:
10.1016/j.radonc.2021.01.010

Laugaard Lorenzen E, Christian Rehammar J, Jensen MB, Ewertz M, Brink C. Radiation-induced risk of
ischemic heart disease following breast cancer radiotherapy in Denmark, 1977-2005. Radiother
Oncol 2020;152:103-10. doi: 10.1016/j.radonc.2020.08.007 [published Online First: 2020/08/29]

Jacobse JN, Duane FK, Boekel NB, Schaapveld M, Hauptmann M, Hooning MJ, Seynaeve CM, Baaijens
MHA, Gietema JA, Darby SC, van Leeuwen FE, Aleman BMP, Taylor CW. Radiation Dose-Response

87



for Risk of Myocardial Infarction in Breast Cancer Survivors. Int J Radiat Oncol Biol Phys
2019;103(3):595-604. doi: 10.1016/j.ijrobp.2018.10.025 [published Online First: 2018/11/06]

124. Walker V, Crijns A, Langendijk J, Spoor D, Vliegenthart R, Combs SE, Mayinger M, Eraso A, Guedea F,
Fiuza M, Constantino S, Tamarat R, Laurier D, Ferriéres J, Mousseaux E, Cardis E, Jacob S. Early
Detection of Cardiovascular Changes After Radiotherapy for Breast Cancer: Protocol for a
European Multicenter Prospective Cohort Study (MEDIRAD EARLY HEART Study). JMIR Res Protoc
2018;7(10):e178. doi: 10.2196/resprot.9906

125. Stockinger M, Karle H, Rennau H, Sebb S, Wolf U, Remmele J, Bihrdel S, Bartkowiak D, Blettner M,
Schmidberger H, Wollschlager D. Heart atlas for retrospective cardiac dosimetry: a multi-
institutional study on interobserver contouring variations and their dosimetric impact. Radiation
Oncology 2021;16(1):241. doi: 10.1186/s13014-021-01965-5

126. Merzenich H, Baaken D, Schmidt M, Bekes |, Schwentner L, Janni W, Woeckel A, Bartkowiak D, Wiegel
T, Blettner M, Wollschlager D, Schmidberger H. Cardiac late effects after modern 3D-conformal
radiotherapy in breast cancer patients: a retrospective cohort study in Germany (ESCaRa). Breast
Cancer Res Treat 2021 doi: 10.1007/s10549-021-06412-3 [published Online First: 2021/10/10]

127. Infante-Rivard C, Cusson A. Reflection on modern methods: selection bias—a review of recent
developments.  International  Journal of Epidemiology  2018;47(5):1714-22.  doi:
10.1093/ije/dyy138

128. Englert H, Miiller-Nordhorn J, Seewald S, Sonntag F, Voller H, Meyer-Sabellek W, Wegscheider K,
Windler E, Katus H, Willich SN. Is patient self-report an adequate tool for monitoring
cardiovascular conditions in patients with hypercholesterolemia? Journal of Public Health
2010;32(3):387-94. doi: 10.1093/pubmed/fdq013

129. Baaken D, Merzenich H, Schmidt M, Bekes |, Schwentner L, Janni W, Wockel A, Mayr M, Mose S, Merz
T, Ghilescu V, Renner J, Bartkowiak D, Wiegel T, Blettner M, Schmidberger H, Wollschlager D. A
nested case-control study on radiation dose-response for cardiac events in breast cancer patients
in Germany. The Breast 2022;65:1-7. doi: 10.1016/j.breast.2022.05.007

130. Merzenich H, Blettner M, Niehoff D, Schwentner L, Schmidt M, Schmitt M, Wollschlager D. Cardiac
late events in German breast cancer patients: a validation study on the agreement between
patient self-reports and information from physicians. BMC Cardiovascular Disorders
2018;18(1):218. doi: 10.1186/s12872-018-0961-7

131. Early Breast Cancer Trialists' Collaborative Group. Favourable and unfavourable effects on long-term
survival of radiotherapy for early breast cancer: an overview of the randomised trials. The Lancet

2000;355(9217):1757-70. doi: 10.1016/5S0140-6736(00)02263-7

88



132.

133

134

135

136

137

138

139

140

141

Haussmann J, Corradini S, Nestle-Kraemling C, Bolke E, Njanang FJD, Tamaskovics B, Orth K,
Ruckhaeberle E, Fehm T, Mohrmann S, Simiantonakis I, Budach W, Matuschek C. Recent advances
in radiotherapy of breast cancer. Radiation Oncology 2020;15(1):71. doi: 10.1186/s13014-020-
01501-x

.Roos CTG, van den Bogaard VAB, Greuter MJW, Vliegenthart R, Schuit E, Langendijk JA, van der Schaaf
A, Crijns APG, Maduro JH. Is the coronary artery calcium score associated with acute coronary
events in breast cancer patients treated with radiotherapy? Radiother Oncol 2018;126(1):170-76.
doi: 10.1016/j.radonc.2017.10.009 [published Online First: 2017/11/02]

. Menezes KM, Wang H, Hada M, Saganti PB. Radiation Matters of the Heart: A Mini Review. Front
Cardiovasc Med 2018;5:83. doi: 10.3389/fcvm.2018.00083 [published Online First: 2018/07/25]

. Belzile-Dugas E, Eisenberg MJ. Radiation&#x2010;Induced Cardiovascular Disease: Review of an
Underrecognized Pathology. Journal of the American Heart Association 2021;10(18):e021686. doi:
doi:10.1161/JAHA.121.021686

. van Buuren S. Multiple imputation of discrete and continuous data by fully conditional specification.
Stat Methods Med Res 2007;16(3):219-42. doi: 10.1177/0962280206074463 [published Online
First: 2007/07/11]

. Van Buuren S, Brand JPL, Groothuis-Oudshoorn CGM, Rubin DB. Fully conditional specification in
multivariate imputation. Journal of Statistical Computation and Simulation 2006;76(12):1049-64.
doi: 10.1080/10629360600810434

. Murtagh G, Lyons T, O’Connell E, Ballot J, Geraghty L, Fennelly D, Gullo G, Ledwidge M, Crown J,
Gallagher J, Watson C, McDonald KM, Walshe JM. Late cardiac effects of chemotherapy in breast
cancer survivors treated with adjuvant doxorubicin: 10-year follow-up. Breast Cancer Research
and Treatment 2016;156(3):501-06. doi: 10.1007/s10549-016-3781-4

. Levis BE, Binkley PF, Shapiro CL. Cardiotoxic effects of anthracycline-based therapy: what is the
evidence and what are the potential harms? The Lancet Oncology 2017;18(8):e445-e56. doi:
https://doi.org/10.1016/51470-2045(17)30535-1

. Brenner DJ, Shuryak |, Jozsef G, DeWyngaert KJ, Formenti SC. Risk and Risk Reduction of Major
Coronary Events Associated With Contemporary Breast Radiotherapy. JAMA Internal Medicine
2014;174(1):158-60. doi: 10.1001/jamainternmed.2013.11790

.Jacob S, Pathak A, Franck D, Latorzeff |, Jimenez G, Fondard O, Lapeyre M, Colombier D, Bruguiere E,

Lairez O, Fontenel B, Milliat F, Tamarat R, Broggio D, Derreumaux S, Ducassou M, Ferriéres J,

Laurier D, Benderitter M, Bernier MO. Early detection and prediction of cardiotoxicity after

89



radiation therapy for breast cancer: the BACCARAT prospective cohort study. Radiat Oncol
2016;11:54. doi: 10.1186/s13014-016-0627-5 [published Online First: 2016/04/09]

142. Hofer SM, Piccinin AM. Integrative data analysis through coordination of measurement and analysis
protocol across independent longitudinal studies. Psychol Methods 2009;14(2):150-64. doi:
10.1037/20015566 [published Online First: 2009/06/03]

90



Acknowledgements

- Aus Datenschutzgriinden nicht dargestellt -

91



Curriculum vitae

- Aus Datenschutzgriinden nicht dargestellt -

92



- Aus Datenschutzgriinden nicht dargestellt -

93



- Aus Datenschutzgriinden nicht dargestellt -

94



- Aus Datenschutzgriinden nicht dargestellt -

95



- Aus Datenschutzgriinden nicht dargestellt -

96



