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ABSTRACT 

Radiotherapy has been shown to increase the subsequent risk of heart disease among survivors 

of breast cancer, but little is known about factors, other than the dose of radiation delivered to 

the heart, which determine the magnitude of the risk.  In addition, survivors of teenage and 

young adult cancer are internationally acknowledged as an understudied population, and limited 

information is available on their late health risks.  This thesis sought to utilise the largest 

observational datasets available to date for these populations: the Collaborative Group on 

Observational Studies of Breast Cancer Survivors and the Teenage and Young Adult Cancer 

Survivor Study. These were used to firstly characterise the radiation-related risks of heart disease 

and lung cancer, and secondly to provide an overview of the long-term risk of heart disease for 

the entire spectrum of cancers diagnosed in teenagers and young adults aged 15 to 39.   

Initially, a methodology study and systematic review demonstrated that selection effects and 

other biases can be very problematic during analyses of observational cohorts, particularly when 

using a radiotherapy comparison.  However, in the case of heart disease and lung cancer, one can 

take advantage of the breast being a paired organ and use a laterality comparison, particularly 

when laterality played little effect in treatment selection.  This comparison was used throughout 

the analyses of breast cancer patients.   

This thesis demonstrated that adjuvant radiotherapy for breast cancer significantly increased the 

risk of heart disease among women with left-sided breast cancer and those patients with 

ipsilateral lung cancer.  Interestingly, younger women were at the highest risk of heart disease, 

and a progressive proportional decrease in risk with increasing age at diagnosis was found, which 

has not been shown before.  It also suggested that radiotherapy and chemotherapy combined 

may further increase the risk of heart disease among breast cancer patients.  Survivors of teenage 

and young adult cancer, particularly Hodgkin lymphoma, were at a significantly raised cardiac 

mortality risk compared to the matched general population. 

The findings of this thesis provide evidence to support continued follow-up for cancer patients, as 

survivors were found to be at a substantial risk into the second or third decade after treatment. It 

has permitted the detection of groups of individuals at particularly increased risks, for example 

younger patients and survivors of Hodgkin lymphoma diagnosed in teenagers and young adults, 

for whom closer monitoring for late effects or measures to reduce the risk, such as adaptations to 

treatment, may be appropriate.  Finally, evidence was also presented to support the development 

of clinical follow-up guidelines specifically for survivors of teenage and young adult cancer.    

Heart Disease and Lung Cancer Risks after Radiotherapy  
Katherine E. Henson, St Cross College, Doctor of Philosophy, Michaelmas Term, 2014 
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1.1 Introduction 

Cancer is one of the world’s most common diseases, and in 2008 there were an estimated 

12.7 million new cancer cases diagnosed.  An estimated 7.6 million people died from cancer in 

2008, representing 21% of global non-communicable disease deaths1.  Cancer comprises over a 

hundred diseases in which abnormal cells divide uncontrollably and invade other tissues.   The 

diagnosis, management and survival vary greatly between different cancer types.  However, the 

current main treatment options are usually a combination of surgery, radiotherapy, 

chemotherapy and hormonal therapy, and new biological treatments are emerging. 

Considering all cancers diagnosed in adults (usually defined as ages 15 years and older) 

combined, the 5-year survival is now over 50% in developed countries (excluding non-melanoma 

skin carcinoma).  In the USA, 5-year survival was 65.9% (American Cancer Society 2011) and in the 

UK it was 59% and 49% for women and men, respectively, during 2010-11 (Cancer Research UK 

2014).  Most types of cancers, apart from cancers of the lung and pancreas, have seen a dramatic 

increase in survival over the last 40 years.  Earlier diagnosis, including the increasing use of 

screening has contributed to a greater proportion of cancers being diagnosed at an early stage.  

This improved survival is largely due to advances in techniques which have enabled more 

effective treatment of the target whilst reducing damage to normal tissue.  Figure 1-1 shows 

breast cancer mortality in middle-aged women in the USA and the UK over the period 1950 to 

2010, showing a steep decline in mortality from about 1990 following advances in treatment.  

However, cancer treatment does carry risks alongside the benefits, and improvements in survival 

for many cancers mean that quantifying and attempting to minimise long-term adverse health 

effects is becoming ever more important. 

                                                           
1
 http://www.who.int/gho/ncd/mortality_morbidity/en/ 

2
 http://www.who.int/healthinfo/statistics/mortality_rawdata/en/ 
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Figure 1-1: Breast cancer mortality in the UK and USA, 1950-2010.   

Age-standardised death rate per 100,000 women and 35-year risk (%) 
Data sources: the WHO Mortality Database

2 
& World Population Prospects: The 2012 Revision

3
 

 

Radiotherapy was first used by Grubbe to treat a patient for breast cancer in 1896, and 

patients were treated for various cancers throughout the first half of the twentieth century.  By 

1960, radiotherapy became one of the standard therapies used adjuvantly for breast cancer 

patients following breast conserving surgery in many countries, with the first randomised trial of 

breast conserving surgery and radiotherapy versus mastectomy established in 1972 (Rayter 

                                                           
2
 http://www.who.int/healthinfo/statistics/mortality_rawdata/en/ 

3
 http://esa.un.org/wpp/ 
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2008).  It is also often used following mastectomy in node-positive disease.  Breast cancer is the 

most commonly diagnosed cancer among women in the developed world, meaning that a small 

improvement in patient survivorship could result in a large public health impact. Survival in breast 

cancer is also good, with 10-year relative survival around 77% in the UK (Cancer Research UK 

2014).  As a consequence, there are large numbers of breast cancer survivors in the population 

who are at risk of late effects of their cancer treatment.  Thus, the first half of this thesis will focus 

on the late adverse effects of cancer in breast cancer patients.   

  Overviews of the randomised trials of radiotherapy for early breast cancer have been 

conducted by the Early Breast Cancer Trialists’ Collaborative Group (EBCTCG) since 1985.  The first 

meta-analysis of local therapy randomised trials for local therapies was published by EBCTCG in 

1995.  As demonstrated by Figure 1-2, radiotherapy after breast conserving surgery (BCS) has 

been shown to have a significant benefit on both recurrence and breast cancer mortality over a 

period of 15 years following treatment (Early Breast Cancer Trialists' Collaborative Group 2011).  

Among 10,801 women with node-negative breast cancer (i.e. no spread of disease to the axillary 

lymph nodes), radiotherapy reduced the 5-year local recurrence by 15.4% (15.6% risk of any first 

recurrence after breast cancer in women randomised to radiotherapy versus 31.0% in women 

randomised to not receive radiotherapy), and the 15-year absolute gain in breast cancer mortality 

was 3.3% (17.2% risk of breast cancer death in women randomised to receive radiotherapy vs 

20.5% in women randomised to not receive radiotherapy).  Among women with node-positive 

breast cancer (i.e. spread to the axillary lymph nodes), the absolute benefits of radiotherapy after 

breast conserving surgery were much larger: the 5-year absolute gain in local recurrence was 

21.2% (42.5% vs 63.7%), resulting in a 15-year absolute gain in breast cancer mortality of 8.5% 

(42.8% vs 51.3%).  The most recent EBCTCG overview included individual patient data from 8,135 

women randomised in 22 trials of radiotherapy after mastectomy and axillary surgery (Early 

Breast Cancer Trialists' Collaborative Group 2014).  Post-mastectomy radiotherapy demonstrated 
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clear gains in women with node-positive disease, with a 10-year absolute gain of any first 

recurrence of 10.6% (51.9% vs 62.5%), and a 20-year absolute gain of 8.1% (58.3% vs 66.4%) in 

breast cancer mortality.   

 

Figure 1-2: Effect of radiotherapy after breast conserving surgery (Early Breast Cancer Trialists' 
Collaborative Group 2011). 

15 year probabilities (%) of isolated local recurrence (left-hand panel) and breast cancer mortality (right-
hand panel) for women with node-negative and node-positive disease.   Data from 10 trials.  Vertical lines 
indicate 1 SE above or below the 5, 10 and 15 year percentages.  BCS = breast conserving surgery 
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Despite its clear benefits, it has been shown that women who received radiotherapy after 

surgery can be at an increased risk of death from all causes other than breast cancer.  This has 

been shown to be largely due to heart disease and second primary cancers, mainly lung cancer 

(Early Breast Cancer Trialists' Collaborative Group 2005), see Table 1-1.  The focus of this thesis 

will therefore be on the largest causes of increased mortality following radiotherapy from causes 

other than breast cancer: heart disease and lung cancer.   
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Table 1-1: Effect of radiotherapy on incidence of second cancers before recurrence of breast cancer, and 
on mortality from causes other than breast cancer (Early Breast Cancer Trialists' Collaborative Group 
2005). 

 

Cause of death or site of cancer    Logrank Variance  Ratio of  
(ICD-9 categories)   Events  O-E*  of (O-E)   rates

†
 2p 

       
Incidence of contralateral breast cancer:      
   - by years since randomisation 
     (and, for cases, mean year of randomisation) 

         0-4 (1980) 673 1.3 161.1 1.01 (0.08) 0.9 
         5-14 (1980) 627 53.5 150.2 1.43 (0.10) 0.00001 
         15+ (1975) 151 2.1 33.4 1.06 (0.18) 0.7 
   - by age at randomisation      

         <50 600 11.7 143.0 1.09 (0.09) 0.3 
         50+ 851 45.1 201.3 1.25 (0.08) 0.002 
   - by use of systemic therapy      
         with chemotherapy or tamoxifen 649 21.7 158.0 1.15 (0.09) 0.08 
         without chemotherapy or tamoxifen 802 35.1 186.4 1.21 (0.08) 0.01 
Total contralateral breast cancer  1451 56.9 344.4 1.18 (0.06) 0.002 
      
Incidence of other specified cancers:

 ‡
     

         Lung cancer (162) 215 24.3 51.1 1.61 (0.18) 0.0007 
         Oesophagus cancer (150) 31 5.4 7.5 2.06 (0.53) 0.05 
         Leukaemia (204-208) 59 7.5 13.9 1.71 (0.36) 0.04 
         Soft-tissue sarcoma (158, 171) 26 5.4 6.4 2.34 (0.62) 0.03 
         Thyroid cancer  26 -2.3 6.2 0.69 (0.34) 0.4 
         Bone cancer  28 1.7 6.9 1.28 (0.43) 0.5 
         Other specified malignancy

 
 966 16.4 220.7 1.08 (0.07) 0.3 

Total other specified cancers 1351 58.4 312.7 1.20 (0.06) 0.001  

      
Mortality before recurrence from causes other than breast cancer:  
      
   - by cause       
        Circulatory disease 1510 77.6 345.4 1.25 (0.06) 0.00003 

            Heart disease, etc
 §

 1106 60.7 252.7 1.27 (0.07) 0.0001 
            Stroke    345  9.1 80.9 1.12 (0.12) 0.3 
            Pulmonary embolism  59 7.8 11.8 1.94 (0.41) 0.02 
        Other specified cause 1455 6.4 335.8 1.02 (0.06) 0.7 

            Lung cancer  156 21.7 37.5 1.78 (0.22) 0.0004 
            Oesophagus cancer  23 4.9 5.6 2.40 (0.68) 0.04 
            Leukaemia  31 2.4 7.0 1.40 (0.45) 0.4 
            Soft-tissue sarcoma (158, 171) 7 1.3 1.7 2.13 (1.14) 0.3 
            Respiratory disease (460-519, 786) 241 -1.0 55.5 0.98 (0.13) 0.9 
            Other known cause  997 -22.9 228.5 0.90 (0.06) 0.1 
         Unspecified cause, not breast cancer 701 7.8 159.4 1.05 (0.08) 0.5 

      
   - by years since randomisation  
     (and, for deaths, mean year of randomisation) 

 

        0-4 (1976
 
) 756 7.4 176.4 1.04 (0.08) 0.6 

        5-14 (1975) 1513 37.7 348.4 1.11 (0.06) 0.05 
        15+ (1970) 1397 46.9 304.8 1.17 (0.06) 0.01 

      
   - by age at randomisation      
        <50 554 27.4 129.6 1.24 (0.10) 0.02 
        50+ 3112 64.4 699.8 1.10 (0.04) 0.02 
      
Total non-breast-cancer deaths

║
 3666 91.8 829.4 1.12 (0.04) 0.001 

      
    *Approximate excess number of events in radiotherapy group is 2(O-E). 

†
Ratio of annual event rates (and its standard error), irradiated vs unirradiated, 

estimated from O-E and its variance V as exp([O-E]/V).
20

  
‡
Primary cancers of all  specified sites (140-194, 200-208) except non-melanoma skin (173) and 

breast.  Includes RT vs not: 3 vs 2 thyroid cancer (193), 1 vs 0 bone cancer (170). 
§
All circulatory (390-459, 785, 798) except stroke (430-438) and pulmonary 

embolism (415, 451, 453, 673). 
║
The analyses in this table (and in the corresponding webfigure 7) are stratified by only 2 groups of age; had they been stratified 

by 5 age-groups, as in the main analyses, and the node-negative patients from 80 Y Edinburgh appropriately removed (see footnotes “added in proof” to annex-
tables 2 & 3), these mortality results would have been only very slightly more extreme (eg, for total non-breast cancer deaths the logrank O-E would have been 
93.4 with variance 789.2, rate ratio 1.126 SE 0.04, 2p=0.0009). 
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The second part of this thesis will focus on another population: individuals diagnosed 

with cancer as teenagers or young adults.  This group is internationally acknowledged as 

understudied, with very few studies published on adults diagnosed with cancer at ages 15-39.  An 

increased risk of heart disease has been demonstrated in both adult and childhood cancer 

survivors (Moller, Garwicz et al. 2001, MacArthur, Spinelli et al. 2007, Armstrong, Liu et al. 2009, 

Mulrooney, Yeazel et al. 2009, Reulen, Winter et al. 2010), especially survivors of Hodgkin 

lymphoma (Ng, Bernardo et al. 2002, Aleman, van den Belt-Dusebout et al. 2003, Swerdlow, 

Higgins et al. 2007).  Yet, there are few published studies that address the late heart disease risk 

among survivors of cancer diagnosis in teenagers and young adults.   

Within the teenage and young adult (TYA) cancer age range of 15-39 years, breast cancer 

is the most commonly diagnosed cancer relative to the other cancers diagnosed, particularly at 

the older ages at diagnosis (i.e. 30-39 years).  Therefore, investigation of TYA cancer survivors will 

provide more evidence on late cardiac risks after breast cancer diagnosed during younger ages, 

and the treatment related effects demonstrated in the breast cancer population could potentially 

help to inform understanding of the late adverse risks for the TYA cancer population.  Therefore, 

findings from the two parts of this thesis should complement each other. 

1.2 Radiation-related heart disease after breast cancer therapy: a review 

The position of the heart often results in incidental irradiation during breast cancer 

treatment.    Radiation-related cardiotoxicity is associated with both treatment factors and 

patient characteristics, for example pre-existing heart disease, breast cancer laterality and use of 

internal mammary chain (IMC) radiotherapy.  Pre-existing heart problems can result in a greater 

absolute risk of treatment-related heart disease, as shown in a recent study in which the 

percentage increase in risk per Gray of radiation delivered to the heart was the same in all 

women regardless of prior heart disease, but the absolute risk was much higher in women with 

cardiac problems (Darby, Ewertz et al. 2013).     
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Studies of patients with very high cardiac radiation exposures (for example as delivered in 

previous decades for Hodgkin lymphoma) show that a variety of cardiac structures, including the 

myocardium, valves, pericardium and arteries, can be damaged by radiation.  The manifestations 

of radiation-related cardiotoxicity can take many forms, including: coronary artery disease, 

cardiomyopathy, pericardial disease, valvular disease and conduction system abnormalities.  A 

detailed discussion of the clinical presentation and management of radiation-related heart 

disease is presented elsewhere (Heidenreich and Kapoor 2009, Cutter, Taylor et al. 2010).  There 

are a number of mechanisms in different heart structures by which radiation causes cardiac 

damage, these mechanisms and the pathology of radiation-related cardiotoxicity have also been 

presented elsewhere (Adams, Hardenbergh et al. 2003, Schultz-Hector and Trott 2007, Cutter, 

Taylor et al. 2010).   

Previously, it was believed that radiation-related heart disease usually had a latency 

period of at least a decade, depending on the type of heart disease involved.  For example, 

radiation-related acute pericarditis has been reported within a few months from exposure, whilst 

an increased risk of valvular heart disease has been reported at more than 15 years.  Recent 

evidence also suggests that radiation-related ischaemic heart disease can occur within the first 

five years (McGale, Darby et al. 2011, Darby, Ewertz et al. 2013).  The extent and duration of 

these risks are not yet fully understood and further research is therefore needed. 

1.2.1 Cardiac exposure from breast cancer radiotherapy 

Cardiac exposure depends on the radiotherapy technique, the laterality of the breast 

cancer (discussed further in Section 1.2.3) and other factors.  The “old era” of radiotherapy used 

techniques that are now known to be cardiotoxic, including direct megavoltage radiation, which 

incidentally irradiated large volumes of the heart at high doses (Taylor, McGale et al. 2006).  

Internal mammary node irradiation also delivered high radiation dose to large volumes of the 

heart in left-sided breast cancer treatment (Taylor, Nisbet et al. 2007).   
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In more recent years, radiotherapy techniques have improved and there has been 

increased awareness of radiotherapy cardiotoxicity and the need to protect the heart (Janjan, 

Gillin et al. 1989, Fuller, Haybittle et al. 1992, Taylor, Povall et al. 2008).  The use of tangential 

fields became standard practice, leading to a reduced dose to the heart.  However, the left 

anterior descending coronary artery still receives a substantial dose for women with left-sided 

breast cancer.  New techniques, for example intensity modulated radiotherapy (IMRT) have been 

introduced which expose the whole heart to doses in the order of 5 Gy (Jagsi 2014).  The late 

effects of these treatments are still unknown (Magne, Chargari et al. 2010).  More accurate 

delineation of tumour and normal tissues during treatment planning has been possible by 

advances in technology.  Three-dimensional based computed tomography (CT) planning allows 

estimation of the dose to the normal tissue surrounding the radiotherapy target and can help 

limit the dose to the organs at risk.  It is currently premature to conclude that recent techniques 

are not cardiotoxic, highlighting the importance of continued follow-up and updated analyses of 

patients treated with radiotherapy.   

1.2.2 Heart disease mortality associated with radiotherapy: randomised evidence 

The cardiotoxicity of breast cancer radiotherapy was first suggested in early randomised 

trials (Stewart and Fajardo 1984, Høst, Brennhovd et al. 1986, Cuzick, Stewart et al. 1987, 

Haybittle, Brinkley et al. 1989, Jones and Ribeiro 1989, Corn, Trock et al. 1990, Rutqvist and 

Johansson 1990, Rutqvist, Lax et al. 1992), and subsequently confirmed by meta-analyses of trials 

of radiotherapy treatment.  Currently, individual patient data meta-analyses are conducted by the 

Early Breast Cancer Trialists’ Collaborative Group approximately every five years.  The first 

EBCTCG meta-analysis to combine all radiotherapy trials found that the increase in survival 

associated with radiotherapy was offset by an increased risk of mortality from other diseases 

(Early Breast Cancer Trialists' Collaborative Group 2000).  This was largely due to a significant 30% 

excess in vascular causes.  The updated meta-analysis in 2005 was based on 42,080 women in 78 
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randomised trials which began before 1995.  Follow-up extended to 2000 and there were 21,531 

deaths recorded.  Among patients who were randomised to radiotherapy the death rate from 

heart disease was increased by 27% (2p=0.0001, see Table 1-1) (Early Breast Cancer Trialists' 

Collaborative Group 2005).  This excess mortality continued to increase into the second decade 

after exposure.   

Two separate randomised controlled trials (RCTs) analysed the morbidity risk from 

ischaemic heart disease (IHD) and myocardial infarction (MI).  The first trial was conducted in 

Sweden during 1971-76, and presented the findings subdivided by cardiac dose-volume among 

mastectomy patients randomised to radiotherapy (Gyenes 1998).  The trial included 960 women, 

with median follow-up of 20 years.   The second study considered post-mastectomy radiotherapy 

in high-risk patients from the Danish Breast Cancer Cooperative Group diagnosed with breast 

cancer during 1982-90, with an average follow-up of 10 years (Hojris, Overgaard et al. 1999).  

Neither study found a significant excess of either fatal or non-fatal ischaemic heart disease or 

myocardial infarction events after radiotherapy (IHD mortality relative hazard: 

 0.84 95% CI 0.38-1.83 in Danish study), yet it was shown that mortality was positively correlated 

with cardiac dose-volume in the Swedish trial .  The non-significance of the hazard ratios 

presented may have been due to a low number of events, which is a problem overcome by  

meta-analyses of large numbers of randomised evidence. 

1.2.3 Heart disease mortality associated with radiotherapy: observational evidence 

The process of randomisation in a clinical trial results in groups of patients where the only 

difference between them is the treatment they were allocated to receive.  All patient 

characteristics, and other potential confounders, should be evenly distributed between the 

groups.  Thus, randomised results are robust, and viewed as the gold-standard for assessing 

treatment efficacy and effectiveness.  However, patients included in RCTs are a highly selected 

population, usually of otherwise healthy individuals without comorbidities, and elderly patients 
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are excluded.  A limited number of women were randomised in trials of radiotherapy, and very 

limited data was collected about each woman.  Several of the EBCTCG trials were also conducted 

in the “old” radiotherapy era, in which the radiotherapy given is now known to give appreciable 

heart radiation dose.  Observational data can complement the randomised evidence and provides 

essential additional information on radiation-related heart disease risk (Jagsi, Bekelman et al. 

2014).  

A comparison of heart disease rates in women given radiotherapy versus those not given 

radiotherapy in observational data tends to be confounded, as there are many factors that 

influence whether a patient receives radiotherapy, which cannot all be controlled for during 

analysis.  However, the position of the heart to the left-side of the body results in the heart 

usually receiving a higher radiation dose during treatment for left-sided breast cancer as 

compared to right-sided breast cancer.  In the results chapters it will be shown that laterality did 

not usually influence the decision to use radiotherapy.  Thus, a comparison of heart disease rates 

in women with left-sided versus right-sided breast cancer can produce reliable results regarding  

radiation-related heart disease in observational data.  This topic has been investigated in 16 

published studies using a comparison of left-sided versus right-sided breast cancer (summarised 

in Table 1-2).  The four largest of these found an excess of heart disease following radiotherapy 

for left-sided breast cancer compared to right-sided (Paszat, Mackillop et al. 1998, Darby, McGale 

et al. 2003, Darby, McGale et al. 2005, Henson, McGale et al. 2013).  Two studies of the US 

Surveillance Epidemiology and End Results (SEER) data, showed a significant 16% (Darby, McGale 

et al. 2005) and 8% (Henson, McGale et al. 2013) excess of heart disease deaths following  

left-sided as compared to right-sided breast cancer.  In contrast, no such excess was found for 

women who were not recorded to have received radiotherapy.  Henson et al is an extension of 

the analysis performed by Darby et al, and confirmed the results in a larger sample size of 

558,871 women, with an extended follow-up to 1st January 2009 and extended period of breast 
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cancer diagnosis, thus including women diagnosed more recently.  These studies both showed 

very clearly the increasing cardiac risk with increasing time since diagnosis, particularly in the 

early diagnosis periods.  The mortality ratio, left-sided vs right-sided, in irradiated women during 

<10, 10-14, 15-19 and 20+ years since diagnosis were 1.19 (95% CI 1.03-1.38),  

1.35 (95% CI 1.05-1.73), 1.64 (95% CI 1.26-2.14) and 1.90 (95% CI 1.52-2.37), respectively (2p for 

trend <0.001).  In both studies, there was evidence of a reduced hazard for women diagnosed 

more recently; but this finding was limited by a shorter follow-up period.  Fatal myocardial 

infarction was also investigated in the SEER database (Paszat, Mackillop et al. 1998) using women 

diagnosed during 1973-1992.  The cardiac mortality ratio, left-sided versus right-sided, in 

irradiated ratio was significantly elevated (1.17 95% CI 1.01-1.36), and especially amongst 

patients aged less than 60 years (RR = 2.24 95% CI 1.38-3.64), particularly in the period 10-15 

years after diagnosis.   

The remaining studies all found an excess of heart disease mortality following left-sided 

breast cancer, yet in none of them did the results reach statistical significance (Nixon, Manola et 

al. 1998, Harris, Correa et al. 2006, Marhin, Wai et al. 2007, Gutt, Correa et al. 2008, Bouchardy, 

Rapiti et al. 2009, Bouillon, Haddy et al. 2011).  All but two of these studies, except for Bouillon 

and Nixon, included women diagnosed since 1980.  This could account for the lack of a significant 

excess, as improvements in radiotherapy techniques have reduced the mean radiation dose 

received by the heart and the volume of heart irradiated compared with women irradiated 

earlier.  However, there is also shorter follow-up available for more recent studies so risks may be 

continuing after the end of follow-up.   

A number of the studies in Table 1-2 focused on specific types of heart disease (Rutqvist 

and Johansson 1990, Paszat, Mackillop et al. 1999, Vallis, Pintilie et al. 2002, Giordano, Kuo et al. 

2005).  A significant excess of ischaemic heart disease deaths following left-sided breast cancer  

(1.06 95% CI 1.00-1.12) was present in a study of almost 90,000 women with approximately 4,500 
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deaths recorded by the Swedish nationwide cancer registry (Darby, McGale et al. 2003).   This 

estimate was for all women, both irradiated and unirradiated, as the cancer registry does not 

record information on radiotherapy treatment, but it was estimated that a third of the women 

were irradiated.  Ischaemic heart disease risk was analysed using the SEER database of women 

diagnosed during 1973-1989 with an average follow-up of 9.5 years (Giordano, Kuo et al. 2005).  

Approximately 2,000 women died from IHD, giving a mortality ratio, left-sided versus right-sided, 

of 1.16 (95% CI 1.07-1.26).  A UK-based study found a non-significant 23% excess of IHD mortality 

in irradiated women treated during 1971-1988 (Roychoudhuri, Robinson et al. 2007).  In addition, 

four studies have investigated a specific IHD diagnosis, by analysing the rate of fatal myocardial 

infarction during the 1980s (Rutqvist and Johansson 1990, Paszat, Mackillop et al. 1999, Vallis, 

Pintilie et al. 2002, Borger, Hooning et al. 2007) in Canada and Sweden.  A significant excess of 

fatal MI (1.09 95% CI 1.02-1.17) was found in left-sided breast cancer patients in a Swedish 

population of 20,871 women, with an average follow-up of 9 years (Rutqvist and Johansson 

1990).  This excess was present during the entire follow-up, and increased with time since 

diagnosis.  The smaller study, of 3,006 women diagnosed in Canada, also found a significant 

excess of fatal MI with a mortality ratio, left-sided versus right-sided, of 2.10 (95% CI 1.11-3.95).  

In contrast to the study by Paszat and colleagues in 1998, an increased risk was found for 

Canadian patients older than 60 years at diagnosis. 
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Paper Population 
Number of 
women 

Treatment 
Period 

Average FU Outcome 
Overall MR  
( L vs R) 

       
Henson et 
al (2013) 

SEER 558,871 1973-2008 - Heart disease 1.08 (1.03-1.14) 

Bouillon et 
al (2011) 

Institut Gustave 
Roussy 

4,456 1954-1984 28 yrs. Heart disease 1.28 (0.92-1.78) 

Bouchardy 
et al 
(2009) 

Geneva Cancer 
Registry, node 
negative  

1,243 1980-2004 7.7 yrs. Heart disease 0.7 (0.3-1.6) 

Gutt et al 
(2008) 

University of 
Pennsylvania, 
pre-existing 
heart disease 

41 1980-1994 7.9 yrs. (L)  
11.3 yrs. (R) 

Heart disease 4.2 (0.9-20.9)  
* at 10 years FU 

Borger et 
al (2007) 

5 hospitals, 
Netherlands & 
Belgium 

1,601 1980-1993 16 yrs. MI - p=0.11 

Marhin et 
al (2007) 

British Columbia 
Cancer Agency 

7,447 1984-2000 7.9 yrs. Heart disease 1.07 (0.72-1.59) 

Paszat et 
al (2007) 

Ontario Cancer 
Registry 

89 1982-1988 13.5 yrs. Fatal acute MI 1.07 (0.65-1.72) 

Harris et al 
(2006) 

Medical record 
review, 
Pennsylvania 

961 1970-1994 12 yrs. Heart disease 1.67 (0.78-3.62) 

Darby et al 
(2005) 

SEER 308,861 1973-2001 6.2 yrs. Heart disease 1.16 (1.08-1.24) 

Giordano 
et al 
(2005) 

 SEER  27,283 1973-1989 9.5 yrs. Ischaemic 
heart disease 

1.16 (1.07-1.26) 

Darby et al 
(2003) 

Swedish Cancer 
Registry 

89,407 1970-1996 - Ischaemic 
heart disease 

1.06 (1.00-1.12) 

Vallis et al 
(2002) 

Princess 
Margaret 
Hospital, 
Ontario 

2,128 1982-1988 10.2 yrs. Fatal MI 1.16 (0.91-1.48) 

Paszat et 
al (1999) 

Ontario Cancer 
Registry 

3,006 1982-1987 106 months Fatal MI 2.10 (1.11-3.95) 

Nixon et al 
(1998) 

Joint Centre for 
Radiation 
Therapy, 
Harvard 

745 1968-1986 Min 12 yrs. Heart disease 1.03 (0.42-2.59) 

Paszat et 
al (1998) 

Ontario Cancer 
Registry 

206,523 1973-1992 7.4 yrs. Fatal MI 1.17 (1.01-1.36) 

Rutqvist et 
al (1990) 

Swedish Cancer 
Registry 

54,617 1970-1985 9 yrs. Fatal MI 1.09 (1.02-1.17) 

       

Table 1-2: Summary of studies of radiation-related heart disease mortality using a comparison of left-
sided versus right-sided breast cancer in irradiated women. 

FU = follow-up 
MR = mortality ratio 
L vs R = left-sided versus right-sided breast cancer 
MI = myocardial infarction  
yrs. = years 
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1.2.4 Heart disease incidence associated with radiotherapy: observational evidence 

The incidence of heart disease associated with radiation for breast cancer has been 

investigated in a number of studies which are summarised in Table 1-3.  There was an elevated 

risk of heart disease following left-sided breast cancer in all but one study (Rutqvist, Liedberg et 

al. 1998), and the excess reached significance in five studies (Harris, Correa et al. 2006, Borger, 

Hooning et al. 2007, Jagsi, Griffith et al. 2007, McGale, Darby et al. 2011, Darby, Ewertz et al. 

2013).  The incidence ratios vary widely, and may be due to random variation, but also patient 

characteristics, follow-up period and treatment received across the study populations may play a 

role.   

The largest study, of 72,134 women in Denmark and Sweden, showed a significant 8% 

excess of heart disease diagnosed in left-sided patients compared to right-sided (McGale, Darby 

et al. 2011).  No such excess was found for unirradiated women.  Upon subdivision by specific 

categories of heart disease, a significant excess of left-sided events was shown for ischaemic 

heart disease (1.18 95% CI 1.07-1.30) (including the specific diagnoses of acute myocardial 

infarction and angina considered individually), pericarditis (1.61 95% CI 1.06-2.43) and valvular 

heart disease (1.54 95% CI 1.11-2.13).  The excess of pericarditis was mainly attributable to acute 

pericarditis, and the valvular heart disease mainly consisted of aortic valvular disease.  A  

left-sided excess of IHD and MI events has also been found in other studies (Vallis, Pintilie et al. 

2002, Harris, Correa et al. 2006, Doyle, Neugut et al. 2007, Jagsi, Griffith et al. 2007, Paszat, Vallis 

et al. 2007), but the increased incidence of valvular heart disease and pericarditis has yet to be 

shown elsewhere.   

Four studies suggested that there may be an association between patient history and 

subsequent risk of heart disease (Harris, Correa et al. 2006, Hooning, Botma et al. 2007, Paszat, 

Vallis et al. 2007, McGale, Darby et al. 2011).  Specifically, prior heart disease was associated with 

an increased risk of radiation-related heart disease events (Paszat, Vallis et al. 2007, McGale, 
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Darby et al. 2011), as were traditional cardiac risk factors, for example smoking (Harris, Correa et 

al. 2006, Hooning, Botma et al. 2007, Paszat, Vallis et al. 2007).  
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IHD = ischaemic heart disease 
MI = myocardial infarction 
CHF = congestive heart failures 
 

HD = heart disease 
CAD = coronary artery disease 

Paper Population 
Number of 
women 

Treatment 
Period 

Average 
FU 

Outcome 
Overall IR  
( L vs R) 

       
Darby et al 
(2013) 

Case-control 
study, 
Denmark & 
Sweden 

2,168 1958-2001 - Major 
coronary 
event 

- (p=0.002) 

McGale et 
al (2011) 

Denmark & 
Sweden 

72,134 1976-2006 - Heart disease 
IHD 
MI 
Angina 
Pericarditis 
Valvular HD 

1.09 (1.02-1.15) 
1.18 (1.07-1.30) 
1.22 (1.06-1.42) 
1.25 (1.05-1.49) 
1.61 (1.06-2.43) 
1.54 (1.1102.13) 

Borger et al 
(2007) 

5 hospitals, 
Netherlands & 
Belgium 

1,601 1980-1993 16 years Ischaemic 
heart disease 

1.35 (0.93-1.98) 

Correa et al 
(2007) 

Pre-existing 
heart disease, 
USA 

82 1977-1995 12 years   

Doyle et al 
(2007) 

SEER-
Medicare, 
USA 

48,353 1992-2000 - MI 
IHD 

0.99 (0.87-1.11) 
1.03 (0.93-1.13) 

Hooning et 
al (2007) 

Late Effects 
Breast Cancer 
Cohort, 
Netherlands 

4,414 1970-1986 17.7 years MI 
CHF 

0.74 (0.31-1.79) 
1.01 (0.40-2.55) 
--breast RT L vs R 

Jagsi et al 
(2007) 

University of 
Michigan 
Hospital, USA 

834 1984-2000 6.8 years MI 7.92 (1.01-62.28) 

Paszat et al 
(2007) 

Ontario 
Cancer 
Registry, 
Canada 

6,680 1982-1988 13.5 years Acute MI 1.42 (0.92-2.17) 

Pinder et al 
(2007) 

SEER-
Medicare, 
USA 

43,448 1992-2002 4.7 years Heart failure 1.04 (0.97-1.10) 

Harris et al 
(2006) 

Medical 
record review, 
Pennsylvania 

961 1970-1994 12 years CAD 
MI 

2.1 (1.7-4.5) 
3.1 (1.5-6.5) 

Patt et al 
(2005) 

SEER-
Medicare, 
USA 

16,270 1986-1993 9.5 years IHD 
Valvular HD 
Heart failure 

- p=0.77 
- p=0.93 
- p=NS 

Vallis et al 
(2002) 

Princess 
Margaret 
Hospital, 
Ontario 

2,128 1982-1988 10.2 years MI 1.11 (0.64-1.93) 

Rutqvist et 
al (1998) 

Stockholm 
Breast Cancer 
Data Base 

684 1976-1987 9 years Acute MI 0.77 (0.25-2.42) 

       

Table 1-3: Summary of studies of incidence of radiation-related heart disease using a comparison of left-
sided versus right-sided breast cancer in irradiated women. 

FU = follow-up 
IR = incidence ratio 
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1.2.5 Dose and dose-response relationship 

As mentioned in Section 1.2.1, breast cancer radiotherapy can result in substantial 

radiation doses to the heart.  The current average mean heart dose is likely to be 2-7 Gy for  

left-sided (Taylor, Povall et al. 2008, Jagsi, Abrahamse et al. 2010, Schubert, Gondi et al. 2011) 

and around 1.5 Gy for right-sided breast cancer.  A systematic review of studies published during 

2003 to 2013 (Dr Carolyn Taylor provisional work, personal communication, November 2014) 

demonstrated that the mean heart dose received was 4.8 Gy in women treated for left-sided 

breast cancer, and 1.6 Gy for right-sided radiotherapy. When dosimetric information is not 

available, the use of internal mammary chain irradiation may be associated with a higher risk of  

left-sided breast cancer versus right-sided breast cancer (Hooning, Botma et al. 2007).  This is 

because the internal mammary nodes receive the highest radiation dose in left-sided breast 

cancer (Taylor, Nisbet et al. 2007) and use of internal mammary chain radiotherapy in left-sided 

breast cancer is one of the main determinants of mean cardiac dose.   

Recently, a key study related an individual patient’s cardiac dose and cardiac risk factors 

to her subsequent risk of a major coronary event (MCE) (Darby, Ewertz et al. 2013).  A MCE was 

defined as a diagnosis of myocardial infarction, coronary revascularisation, or death from 

ischaemic heart disease.  Individual radiotherapy plans were available for all women included in 

the study, allowing estimation of individual radiation dose received by the heart.  The mean 

cardiac dose received was 6.6 Gy and 2.9 Gy for left-sided and right-sided breast cancer, 

respectively.  The rate of major coronary events increased by 7.4% per Gy increase in mean heart 

radiation dose received (p<0.001) (see Figure 1-3).  The percentage increase per Gray did not vary 

significantly by any tumour, treatment or patient characteristics.  There was also no evidence of a 

threshold dose below which there was no radiation-related risk.  The increase in risk started in 

the first five years after exposure and continued into the third decade.   When combined with 

information on the background risk of heart disease, this dose-response relationship can allow 
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clinicians to estimate the absolute risk of radiation-related heart disease for their patients.  In this 

study, the cardiac radiation exposure would in many cases be non-uniform, but little information 

is as yet available regarding the specific critical cardiac substructures that are most radiosensitive.   

 

Figure 1-3: Rate of major coronary events according to mean radiation dose to the heart (Darby, Ewertz 
et al. 2013). 

Percent increase in rate of major coronary events by mean dose of radiation received by the heart (Gy).  
Major coronary event was defined as a diagnosis of myocardial infarction, coronary revascularisation, or 
death from ischaemic heart disease. 
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Cardiac doses were retrospectively estimated for women with early breast cancer 

randomised to radiotherapy or no radiation in 62 trials.  In each trial, the extent of surgery and 

use of adjuvant chemotherapy and hormonal therapy was similar in the two trial arms.  The 

women were divided into three mean heart dose categories: <5 Gy, 5-15 Gy and 15+ Gy and 

combined with outcome data.  It was found that the risk of death from heart disease increased by 

31% per 10 Gy mean cardiac dose (Early Breast Cancer Trialists’ Collaborative Group 2007 ).  This 

dose-response relationship was highly significant (2p<0.0001). 

1.2.6 Heart disease associated with radiation exposure: other evidence 

The Life Span Study is a cohort of approximately 120,000 subjects who were exposed with 

a whole body uniform dose of 0-4 Gy to the atomic bomb in either Hiroshima or Nagasaki, Japan.  

The subjects were identified in the 1950 national census, and have subsequently been followed 

by the Radiation Effects Research Foundation for ascertainment of vital status.  This study is one 

of the major sources of information on the risk of cancer following radiation exposure, and a 

report was published in 2003 demonstrating a radiation-related risk of heart disease (Preston, 

Shimizu et al. 2003).  A report commissioned by the United Nations concluded that the Life Span 

Study was the only epidemiological cohort that could provide reliable evidence towards a possible 

association between radiation and heart disease risk (United Nations Scientific Committee on the 

Effects of Atomic Radiation 2008)  in this low dose range.  The risk of cardiovascular disease 

following cardiac radiation exposures in the range 0.5-5 Gy from other sources has been reviewed 

systematically elsewhere (McGale and Darby 2005), and since updated (McGale and Darby 2008).  

In order to evaluate whether information from other studies was consistent with the association 

reported for the atomic bomb survivors, this review found only six studies (out of a total 27) that 

were likely to be without substantial biases or confounding (McGale and Darby 2005).  The study 

populations used could be broadly grouped into two exposure categories (other than exposure to 

atomic bombings): occupational and medical (diagnostic or therapeutic).   Examples of these are 
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nuclear workers and patients irradiated for peptic ulcer, respectively.  This review concluded that 

at that time there was not enough evidence to support the findings of the Life Span Study.  

However, since this review, a number of studies have suggested that low doses could increase the 

incidence of heart disease.  For example, analyses of nuclear plant workers have suggested that 

there is an increase incidence of heart disease after radiation doses of less than 1Gy (Azizova, 

Muirhead et al. 2010).   

In a further report from the Life Span Study of atomic bomb survivors, Shimizu et al 

(2010) reported detailed cardiovascular results and examined dose-response information for 

heart disease risk using 86,611 subjects with follow-up to 2003.  A total of 8,463 heart disease 

deaths were recorded as the underlying cause.  A dose-response relationship was found with an 

estimated ERR per Gy for all heart disease of 14% (95% CI 6-23, p<0.001).  An overall association 

between radiation and all cardiovascular disease was also found (Ozasa, Shimizu et al. 2012).  The 

overall ERR/Gy estimate for all cardiovascular disease was identical to the previous estimate for 

heart disease (Shimizu, Kodama et al. 2010).  Stronger associations were found between radiation 

and specific diagnoses of heart disease.  The accuracy of the diagnosis of heart disease as a whole 

was found to be high, with a 93% agreement between the autopsy report and the underlying 

cause listed.  The accuracy of the diagnosis of specific types of heart disease was much lower: 

69% for IHD, 64% for rheumatic heart disease and 22% for hypertensive heart disease.  Therefore, 

there is reliable evidence for an association and a linear dose-response relationship between 

radiation and overall heart disease risk, but more evidence is needed before any conclusions can 

be drawn regarding subtypes of heart disease.     

1.3 Radiation-related lung cancer after breast cancer radiotherapy: a review 

Lung cancer has, in the past, been a substantial late hazard of radiotherapy for breast 

cancer.  The risk of second primary cancers is a relatively difficult endpoint to study.  Within a 

study population, second primary cancers tend to be relatively rare.  Randomised controlled trials 
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provide an unbiased treatment comparison, and are viewed as the gold standard in analyses of 

effects of treatment.  However, RCTs often have limited follow-up.  Therefore, there may not be 

enough power in randomised evidence to detect trends in the second primary cancer risk.  

Population-based data often has the statistical power, yet it is limited by selection biases.  Careful 

consideration of its limitations is necessary and the appropriate techniques should be used to 

minimise the inherent biases.  A detailed discussion of the selection biases present in 

observational data is included in Chapter 3.  Analyses of second cancer sites which are a common 

site of metastatic disease (for example lung cancer after breast cancer) need careful 

consideration in both observational and randomised data.   

1.3.1 Lung cancer mortality associated with radiotherapy: randomised evidence 

Radiation-related lung cancer has been considered in the meta-analysis of randomised 

controlled trials in early breast cancer (Early Breast Cancer Trialists' Collaborative Group 2005).  A 

total of 42,000 women enrolled in 78 randomised trials were included.  Both incidence of and 

mortality from lung cancer were considered.  Among women randomised to radiotherapy, there 

was a 61% proportional increase (2p=0.0007) in lung cancer incidence.  A 78% proportional 

increase was also found in the risk of mortality (before breast cancer recurrence) from lung 

cancer in those randomised to radiotherapy.  This excess of lung cancer deaths was highly 

significant (2p=0.0004).   

There are a number of other randomised trials published in which the radiation-related 

risk of second primary cancers combined has been studied (Jacobson, Danforth et al. 1995, 

Marini, Murray et al. 1996, Overgaard, Hansen et al. 1997, Overgaard, Jensen et al. 1999, Fisher, 

Anderson et al. 2002, Woodward, Strom et al. 2003, Ragaz, Olivotto et al. 2005).  The majority 

found an excess of second primary solid tumours (including lung cancer) among women allocated 

to radiotherapy. However, specific analyses of lung cancer were not presented.  
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1.3.2 Lung cancer mortality associated with radiotherapy: observational evidence 

When analysing observational data, a comparison of irradiated and unirradiated women 

needs to be interpreted cautiously due to the effect of selection of women for treatment.  As with 

heart disease, there is an alternative comparison that can be used when analysing the risk of lung 

cancer: a comparison of ipsilateral to contralateral lung cancer.  As the lungs are a paired organ, 

the lung on the same side as the treated breast will receive a higher dose than the lung on the 

opposite side.  This produces a comparison of higher versus lower dose.   

Within the literature there are few studies focusing on mortality risk of lung cancer in 

breast cancer survivors.  Two studies, both using the SEER data, compared the mortality from 

ipsilateral and contralateral lung cancer in irradiated and unirradiated women separately, see 

Table 1-4 (Darby, McGale et al. 2005, Henson, McGale et al. 2013).  Only women whose lung 

cancer had been microscopically confirmed previously were included.  Henson et al (2013) was an 

update of the analysis presented by Darby et al (2005).  Microscopic confirmation is important, as 

the lungs are a common site of metastases from breast cancer.  Both studies found a significant 

excess of ipsilateral lung cancer deaths (2p<0.001) in women recorded to have received 

radiotherapy.  A trend with increasing follow-up was present for women diagnosed during the 

first calendar period i.e. 1973-82, with a 4-fold excess by 20+ years of follow-up (Henson, McGale 

et al. 2013).  A substantial increase was also shown for 20+ years of follow-up for women 

diagnosed during 1983-92, but no increase was detected as yet for women diagnosed more 

recently.  

1.3.3 Lung cancer incidence associated with radiotherapy: observational evidence 

The SEER population has also been used to investigate incidence, but no significant excess 

was found (Neugut, Lee et al. 1993).  Data from the Swedish Cancer Registry was used and found 

no significant excess (Prochazka, Granath et al. 2002). This was followed by a more detailed 

analysis using a case-only approach, in which each woman contributed a pair of lungs and a pair 
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of breasts (Prochazka, Hall et al. 2005), enabling a comparison of women with concordant and 

discordant disease.  A significant two-fold excess of concordant events was shown after 10+ years 

following breast cancer treatment (RR = 2.04 95% 1.24 – 3.36), and significant trend was present 

across the follow-up period (p=0.005) with the highest excess in the second decade of follow-up.  

The overall excess did not reach statistical significance for the remaining two studies but was 

highest in the second decade (Neugut, Lee et al. 1993, Prochazka, Granath et al. 2002).   

These studies, of lung cancer incidence and mortality, using a comparison of ipsilateral 

and contralateral lung cancer, suggested that the radiation-related lung damage can occur in the 

ipsilateral lung.  The contralateral lung also receives some scattered radiation from breast cancer 

radiotherapy, but has not been studied. 

Paper Type Population Number of 
women 

Treatment 
Period 

Average 
FU 

RR in irradiated 
women  
(Ip. vs cont.) 

       
Henson et al 
(2013) 

Mortality SEER 558,871 1973-2008 - 1.30 (1.16-1.45) 

Darby et al 
(2005) 

Mortality SEER  308,861 1973-2001 6.2 years 1.41 (1.19-1.70) 

Prochazka 
et al (2005) 

Incidence Swedish 
cancer 
registry 

182 lung 
cancer 
cases 

1958-2000 - 2.04 (1.24-3.36) 

Prochazka 
et al (2002) 

Incidence Swedish 
cancer 
registry 

141,053 1958-2000 12.2 years 1.26 (0.95-1.68) 
*estimated 

Neugut et al 
(1993) 

Incidence SEER 56,359 1973-1986 6.9 years 1.1 (0.7-1.7) 

       

Table 1-4: Summary of studies of radiation-related lung cancer using a comparison of ipsilateral and 
contralateral lung cancer.  

FU = follow-up 
RR = rate ratio 
Ip. vs cont. = ipsilateral versus contralateral lung cancer 
 

1.3.4 Risk factors associated with radiation-related lung cancer  

The EBCTCG meta-analysis concluded that the factors associated with increased lung 

cancer among irradiated patients were: radiotherapy dose, younger age at diagnosis of breast 

cancer, and the volume of the normal lung tissue in the radiation field (Early Breast Cancer 
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Trialists' Collaborative Group 2005).  The EBCTCG meta-analysis was limited by not having 

information on the main risk factor for lung cancer: smoking status. 

A multiplicative relationship between radiotherapy and smoking status which increased 

the risk of lung cancer in women treated for breast cancer has been consistently demonstrated in 

a number of studies (Neugut, Murray et al. 1994, Obedian, Fischer et al. 2000, Ford, Sigurdson et 

al. 2003, Prochazka, Hall et al. 2005, Kaufman, Jacobson et al. 2008).  The authors of one review 

paper stated that cigarette smoking is “the single most preventable lung cancer risk factor in 

patients receiving radiotherapy for breast cancer” (Lorigan, Califano et al. 2010).   

This multiplicative effect resulted in an increased lung cancer risk in the range of 9-fold to 

33-fold in current smokers exposed to radiotherapy compared to unexposed non-smoking 

women.  The case-control study from the Connecticut Cancer Registry demonstrated that among 

smokers the additional multiplicative effect from radiation was only observed in the ipsilateral 

lung with no radiation-related risk in the contralateral lung, and that the radiation-related risk did 

not occur until more than 10 years after exposure (Neugut, Murray et al. 1994).  In all studies, 

smoking was associated with an increased risk of lung cancer, but in all but one (Prochazka, Hall 

et al. 2005) a radiation-related risk was only observed when smoking status was accounted for.  

One limitation of these studies is that smoking was recorded only prior to the index breast cancer 

diagnosis.  There was no information available on whether women stopped smoking after their 

breast cancer diagnosis.  Therefore, the risk of radiation-related lung cancer in continuing 

smokers may be higher than indicated in these papers.  In addition, radiation-related lung cancer 

has been shown to have a latency period of approximately a decade (Lorigan, Califano et al. 2010, 

Travis, Ng et al. 2012).  Therefore, time since cancer diagnosis could be considered to be a risk 

factor. 
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1.3.5 Dose-response relationship  

Three studies have attempted to quantify the dose-response relationship for  

radiation-related lung cancer in patients with breast cancer (Inskip, Stovall et al. 1994, Rubino, de 

Vathaire et al. 2003, Prochazka, Hall et al. 2005).  The first of these was based on women 

diagnosed in the Connecticut Tumour Registry during 1945-1991, and found that the mean dose 

to the affected lung was weakly suggestive of a dose-response relationship with an excess rate 

ratio per Gy of 0.20 (p=0.18 for slope) (Inskip, Stovall et al. 1994).  The case-only analysis of 

women treated more recently (1958-2000) in Sweden had greater statistical power (182 versus 

76 cases, respectively), and showed a significant dose-response relationship with an excess rate 

ratio per Gy of 0.11 (95% CI 0.02-0.44) for all women combined (Prochazka, Hall et al. 2005). In 

this study, the excess rate ratio was more than twice the overall value for smokers  

(ERR/Gy: 0.23 95% CI 0.04-2.13).    The French case-control study (Rubino, de Vathaire et al. 2003) 

found a statistically significant dose-response relationship between radiotherapy dose to the 

target and the overall risk of a second malignant tumour (p<0.01).  This relationship became  

non-significant after excluding lung, soft tissue and bone cancer, suggesting that the  

dose-response relationship may be related to the lung cancer risk.  However, lung cancer was not 

analysed separately.  Dose-response relationships for recent treatment techniques, for example 

IMRT and proton therapy, are not yet known. 

Estimates of recent average mean lung doses from breast cancer radiotherapy are around 

7-18 Gy for the ipsilateral lung, and around 0.1-3 Gy for the contralateral lung using moderate 

deep-inspiration breath hold (Jagsi, Abrahamse et al. 2010) and tangential photon therapy 

(Schubert, Gondi et al. 2011).    However, a significant reduction in lung dose (p=0.0002) has been 

found for women treated using deep inspiration breath hold (Nissen and Appelt 2013).  A 

reduction in ipsilateral lung dose (p<0.001) has also been found through use of the prone position 
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compared to supine position (Ng, Shuryak et al. 2012).  These results are promising for a lower 

lifetime radiation-related lung cancer risk among women treated more recently.  

Treatment for Hodgkin lymphoma also involves thoracic radiation.  A dose-response 

relationship for lung cancer has also been demonstrated in survivors of Hodgkin lymphoma 

(Travis, Gospodarowicz et al. 2002, Gilbert, Stovall et al. 2003).  Among individuals irradiated 5 

years or more before diagnosis of lung cancer, the excess relative risk per Gy was  

0.15 (95% CI 0.06-0.39) (Gilbert, Stovall et al. 2003). Among 19,046 individuals treated during 

1965-1994 the relative risks of lung cancer among individuals who received <5 Gy, and 40+ Gy to 

a specific location in the lung compared to 0 Gy were 1.3 (95% CI 0.3-4.9) and 7.2 (95% CI 2.2-28), 

respectively (Travis, Gospodarowicz et al. 2002).  

As described above, the Life Span Study cohort includes individuals who were exposed to 

radiation from the atomic bombs in either Hiroshima or Nagasaki.  It has been estimated that 

approximately 5% of the solid cancer deaths in the atomic bomb survivor population could be 

attributed to radiation exposure, with the majority of solid tumours occurring in the lungs and 

digestive tract.  The mean lung dose received by the atomic bomb survivors was in the order of 

0.2 Sv (Howe 1995).  The most recent publication presented information on 86,611 subjects, with 

1,558 cases of lung cancer.  The overall ERR/Gy was estimated to be 0.63 (0.42-0.88) (Ozasa, 

Shimizu et al. 2012).  For women only there were 657 lung cancer events, giving an ERR/Gy of  

1.1 (95% CI 0.68-1.6, p<0.001).  This was comparable to the most recent lung cancer  

dose-response relationship among irradiated breast cancer survivors (Prochazka, Hall et al. 2005).  

The Life Span Study also found a declining relative risk of lung cancer with increasing attained age 

(p<0.001) (Preston, Shimizu et al. 2003), with a 7% decrease in the ERR per 10-year increment of 

age at exposure (Ozasa, Shimizu et al. 2012).  The authors noted that the radiation-related lung 

cancer excess may be partly due to the interaction between radiotherapy and smoking, which had 

been demonstrated previously (Furukawa, Preston et al. 2010).  
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1.4 Cancer Diagnosed in Teenagers and Young Adults  

Survivors of cancer diagnosed in teenagers and young adults are internationally 

recognised as an understudied population.  They have sometimes fallen into a gap in medical 

expertise between the childhood and adult cancer survivor populations.  Teenage and young 

adult cancers are distinct in terms of tumour distribution, hormonal factors, tumour biology, 

potential reluctance to engage with clinicians, socio-economic and lifestyle factors (Scottish 

Intercollegiate Guidelines Network , Skinner, Wallace et al. , Landier, Bhatia et al. 2004, National 

Institute for Health and Clinical Excellence 2005, Adolescent and Young Adult Oncology Progress 

Review Group 2006, National Cancer Research Institute 2008, Tonorezos and Oeffinger 2011). 

Also, those who survive can expect to live for many decades, giving time for late effects to 

develop.  Thus, there is a need for specialised research of the TYA cancer population, including a 

focus on late effects.    

Improvements in five-year survival have been substantially smaller in populations of 

individuals diagnosed with teenage and young adult cancer than in either childhood or adult 

populations for all cancers combined, with the majority of the survival deficit shown among males 

(Bleyer, Viny et al. 2006).  Despite the recognition of the TYA cancer population as distinct, TYA 

cancer-specific treatment protocols do not tend to be available.  This has been argued to be a 

main contributory factor for the slow improvement of survival in TYA cancers (Fernandez and Barr 

2006). Often there are no TYA cancer specialists, in which case they must be treated by specialists 

in either childhood or adult cancer, and such decisions are currently more often based on the 

knowledge of the clinician rather than the biology of the tumour (Stock, La et al. 2008, Usvasalo, 

Raty et al. 2008, Desandes, Lacour et al. 2013).   

The TYA cancer population requires a specialised tumour classification scheme.  The 

distribution of TYA cancers includes both embryonic tumours commonly diagnosed in children, 

and epithelial tumours commonly diagnosed among adults.  The widely used TYA cancer 



DPhil Thesis: Katherine E Henson 
Chapter 1: Introduction & Literature Review  

30 

 
classification scheme comprises ten main diagnostic groups (Birch, Alston et al. 2002, Barr, 

Holowaty et al. 2006).  This classification is a modification of a childhood cancer classification 

based on histology and morphology and taking into account the frequency of different cancer 

types in teenagers and young adults. 

A substantial challenge in improving the survival of the TYA cancer population is their 

recruitment into randomised trials (Mitchell, Scarcella et al. 2004, Pearce, Parker et al. 2005, 

Bleyer, Viny et al. 2006, Burke, Albritton et al. 2007, Bleyer, Barr et al. 2008, Fern, Davies et al. 

2008, Whelan and Fern 2008).  A study of the inclusion rates of individuals with TYA cancers into 

National Cancer Research Network phase III intervention clinical trials in England demonstrated 

that they are less likely than children to be included in trials for the most common cancers for 

their age groups (Fern, Davies et al. 2008).  During 2005-06, 39.9% of patients aged 10-14 were 

enrolled on trials compared to 23.0% for 15-19 year olds and 13.8% of 20-24 year olds (within the 

tumour types analysed).  This enrolment deficit is believed to be due to trial eligibility and referral 

patterns.  This is in contrast to childhood cancer patients where the majority are enrolled, and 

this is thought to be one of the main factors for their improved survival.  Therefore a substantial 

challenge is to increase the recruitment of the TYA cancer population into randomised trials. 

1.4.1 Incidence and survival  

Within the UK, cancer in teenagers and young adults (usually defined as ages 15-24) is 

rarer than at older ages.  However, although it accounts for less than 1% of all cases across all 

ages, approximately 2,200 cases are diagnosed annually (Cancer Research UK 2014).  A table 

summarising the age-standardised incidence rates from Cancer Incidence in Five Continents Vol 

X.4 by first primary tumour (FPT) groups is included in Appendix A1.  The overall age-standardised 

incidence rate was 47.9 per 100,000 for males and 67.5 per 100,000 for females in England and 

Wales, with variation for specific cancers from 0 to 11.7 per 100,000 for males.  Testicular cancer 

                                                           
4
 http://ci5.iarc.fr/CI5-X/Pages/summary_table_pop_sel.aspx 
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had the highest age-standardised rates for males aged 15-39 years, and breast cancer was highest 

for females with 15.9 per 100,000.  Cancer incidence rates have been shown to be greater for 

individuals diagnosed with cancer at an older age, in some cases doubling between 15-19 and  

25-29 year olds (Bleyer, Viny et al. 2006, van der Horst, Winther et al. 2006, Aben, van Gaal et al. 

2012).   

Within the UK, the 5-year survival for all teenage and young adult cancers combined 

(here defined as ages 15-24 years) was 81.4% for males and 84.4% for females diagnosed during 

2001-05 (Cancer Research UK 2014).  As with incidence, there is wide variation in 5-year survival 

by cancer group, and a table summarising survival rates seen in various studies is included in 

Appendix A2.  Among all studies, the FPT with the highest survival rate was thyroid cancer with  

5-year survival typically greater than 95%, and the FPTs with the lowest rate were leukaemia, 

bone tumour and soft tissue sarcoma in the range of 40% to 70%.  Survival varied across studies, 

FPT groups and age, with 5-year survival for all cancers combined estimated in the range of  

57-80%, 74-85% and 81-84% for 15-19, 20-24 and 25-29 year olds respectively. 

1.4.2 Cardiovascular and Cardiac Mortality in TYA Cancer Survivors 

1.4.2.1 Studies which Focus on the TYA Cancer Age Range 

As yet, few papers have analysed cardiac mortality risk comprehensively for all individuals 

diagnosed with cancer aged 15-39.  Two studies have compared mortality from cardiovascular 

diseases among individuals diagnosed with cancer as teenagers and young adults with the general 

population (Prasad, Signorello et al. 2012, Kero, Jarvela et al. 2014) and they are summarised in 

Table 1-5.   

The most detailed paper was published in 2012, and investigated the cardiovascular 

mortality risk subdivided by first primary tumour group (Prasad, Signorello et al. 2012).  As there 

is a large variation in the cancer type diagnosed within the TYA cancer age range, there is limited 
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value in investigating all TYA cancers combined due to the large variation in the associated 

treatments.  This analysis of 9,245 5-year survivors diagnosed before age 35 in Finland during 

1966-99 found an overall raised cardiovascular mortality risk compared to the general population 

(SMR (standardised mortality ratio): 1.9 95% CI 1.5-2.3).  The cardiovascular deaths most 

commonly occurred in survivors of Hodgkin lymphoma, which was associated with a 6.6-fold 

increased cardiovascular mortality risk compared to the general population.  Survivors of  

Non-Hodgkin lymphoma were also at a substantially raised cardiovascular mortality risk, with a 

SMR of 4.8 (95% CI 2.6-8.1), as were CNS tumour survivors (SMR: 2.6 95% CI 1.3-4.8).  None of the 

remaining FPT groups were at a significantly raised mortality risk.  A main limitation of this study 

for the purpose of this discussion was that individuals diagnosed with cancer in childhood were 

included. 

The most recent paper published characterised the late mortality experience of 5-year 

survivors of cancer diagnosed before the age of 35 in Finland (Kero, Jarvela et al. 2014).  The 

highest SMRs were found for cancer-related deaths, followed by infectious causes and then 

cardiac ischemia accounted for the third highest SMR.  The SMRs for cardiac ischemia among 

individuals diagnosed before age 20 was 5.3 (95% CI 2.9 - 7.7), more than double that among 

those diagnosed aged 20-34 (1.8 95% CI 1.5 - 2.1).  This also held true for survivors of CNS 

tumours, Hodgkin lymphoma and Non-Hodgkin lymphoma when analysed individually.  The 

highest cardiac ischemia SMR was for survivors of Hodgkin lymphoma diagnosed before age 20, 

taking a value of 16.0 (95% CI 4.9-27.1).   
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Paper and 
Country 

Population Number of 
survivors 

Treatment 
Period 

Outcome Cancer Group SMR  
(95% CI) 

       
Kero et al 
(2014) 
Finland 

5-year 
survivors 
diagnosed 
<35 years 

16,769 1971-2012 Cardiovascular All 1.9 (1.7-2.1) 
  Cardiac 

ischemia / MI 
All 1.9 (1.6-2.3) 

  All, ages 0-19 5.3 (2.9-7.7) 
    All, ages 20-34 1.8 (1.5-2.1) 
       
Prasad et al 
(2012) 
Finland 

5-year 
survivors 
diagnosed 
<35 years 
(including 
children) 

9,245 1966-99 Cardiovascular Bone tumour 1.2 (0.3-3.0) 
   Breast cancer 0 (0-3.5) 
   CNS tumour 2.6 (1.3-4.8) 

    Hodgkin  6.6 (4.8-13.9) 
    Leukaemia 1.1 (0.03-6.3) 
    Melanoma 0.3 (0.01-1.5) 
     NHL 4.8 (2.6-8.1) 
     STS 0 (0-2.3) 
     Testicular 0.9 (0.3-2.0) 
     Thyroid 0.2 (0-1.0) 
    IHD CNS tumour 0.6 (0.01-3.1) 
     Hodgkin 10.2 (7.2-14.2) 
     NHL 4.0 (1.5-8.6) 
       

  Table 1-5: Summary of studies investigating cardiac and cardiovascular mortality using population 
comparisons in patients diagnosed with cancer within the TYA cancer age range (15-39 years). 

CNS = central nervous system 
NHL = non Hodgkin lymphoma 
STS = soft tissue sarcoma 
SMR = standardised mortality ratio 
CI = confidence interval 
IHD = ischaemic heart disease 
MI = myocardial infarction 
 

As mentioned above, the distribution of cancers types varies substantially across the TYA 

cancer age range of 15-39.  A review published in 2011 summarised the variation by age of cancer 

diagnosis with respect to the risk of late effects after diagnosis of TYA cancer (Woodward, Jessop 

et al. 2011).  Three studies presented SMR estimates subdivided by age (Fossa, Gilbert et al. 2007, 

Swerdlow, Higgins et al. 2007, Prasad, Signorello et al. 2012).  Two of the studies presented data 

on Hodgkin lymphoma and non-Hodgkin lymphoma, and in these tumour types the mortality risk 

was greatest in the youngest age group, yet was still raised across all ages (Swerdlow, Higgins et 

al. 2007, Prasad, Signorello et al. 2012).  The most substantial difference was found among 

survivors of Non-Hodgkin lymphoma in Finland, where individuals diagnosed with cancer aged  

15-19 years were at a 19.5-fold raised IHD mortality risk compared to the general population, but 

individuals diagnosed aged 20-34 years were at a non-significant 2.3-fold raised mortality risk 
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(Prasad, Signorello et al. 2012).    The third study, of testicular cancer survivors, found raised 

mortality (from both heart disease and IHD) only in males diagnosed before age 35 years (Fossa, 

Gilbert et al. 2007).  Males diagnosed after 35 years were at a decreased risk of cardiac mortality 

compared to the general population.  There was no significant difference in incidence between 

testicular cancer survivors and the general population, but a significantly increased risk for MI, 

angina pectoris (AP) and CHF was found for individuals who received both radiotherapy and 

chemotherapy after orchidectomy, with an SIR of 3.6 (95% CI 2.6 - 4.9) (van den Belt-Dusebout, 

Nuver et al. 2006).   

1.4.2.2 Studies of Cardiac Mortality among All Ages Subdivided by First Primary Tumour 

Group 

There is limited literature available on the cardiac mortality burden in TYA cancer 

survivors.  Within the TYA cancer age range of 15-39 years, a large proportion of the patients 

would be treated using adult protocols.  In addition, the main driver for variations in cardiac 

mortality seems to be the type of cancer diagnosed, rather than the age of diagnosis.  Therefore, 

in order to get an indication of the expected cardiac mortality risk for each TYA cancer group 

individually, the literature was searched for papers that investigated cardiac mortality risk using a 

comparison to the general population in specific cancer groups without a limit on the age of 

diagnosis (see Table 1-6).   

The FPT group most frequently investigated is Hodgkin lymphoma.  Ten studies presented 

cardiac or cardiovascular mortality risk using comparisons to the general population (Hancock, 

Tucker et al. 1993, Hoppe 1997, Hudson, Poquette et al. 1998, Mertens, Yasui et al. 2001, Aleman, 

van den Belt-Dusebout et al. 2003, Swerdlow, Higgins et al. 2007, Mertens, Liu et al. 2008, 

Armstrong, Liu et al. 2009, Baade, Royle et al. 2011, VanderWalde, Sun et al. 2013).  The only 

study to focus on individuals diagnosed with cancer before age 41 during 1965-87 found that 291 

individuals had died of heart disease out of 1,261 HL patients (Aleman, van den Belt-Dusebout et 
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al. 2003).  Females were at a greater proportional increased mortality risk, with a cardiovascular 

SMR of 7.3 (95% CI 3.6-13.0) and 6.0 (95% CI 41-9.4) for males, which translated to an extra 10 

and 25 extra deaths per 10,000 person-years for females and males, respectively.  The SMR for MI 

specifically was substantially lower, at approximately 4 for both males and females.  The majority 

of the remaining studies focused on children who were diagnosed with cancer before the age of 

21 years.  Three recent studies used the CCSS cohort (two of which used the same subset of the 

cohort) and found a highly raised cardiac mortality risk, with SMRs in the range of 12 – 14 

(Mertens, Yasui et al. 2001, Mertens, Liu et al. 2008, Armstrong, Liu et al. 2009).  Finally, the only 

study to investigate cardiac mortality among all ages found a slightly elevated risk among ~2,500 

individuals, but it did translate to 28 extra cardiac deaths per 10,000 person-years (Hoppe 1997).  

The most recent study to investigate cardiovascular mortality found a 4.3-fold increased mortality 

compared to the general population (VanderWalde, Sun et al. 2013).  All other studies found a 

raised mortality risk, which was greater for heart disease than for all cardiovascular diseases 

combined.   

Five studies investigated cardiovascular or cardiac mortality compared to the general 

population among survivors of non-Hodgkin lymphoma (Mertens, Yasui et al. 2001, Mertens, Liu 

et al. 2008, Armstrong, Liu et al. 2009, Baade, Royle et al. 2011, VanderWalde, Sun et al. 2013).  

All studies found a significantly raised proportional mortality risk, in the range of 1-2.2 for 

cardiovascular disease among individuals diagnosed before age 79 (Baade, Royle et al. 2011, 

VanderWalde, Sun et al. 2013), and a 6-fold raised risk of cardiac mortality among individuals 

diagnosed before age 21 (Mertens, Yasui et al. 2001, Mertens, Liu et al. 2008, Armstrong, Liu et 

al. 2009).  In the childhood population, the 6-fold raised relative risk translated to an absolute 

0.43 extra cardiac deaths per 1,000 person-years. 

There has been an increase in the worldwide incidence of testicular cancer in the last few 

decades (Huyghe, Matsuda et al. 2003), and it is currently the most commonly diagnosed cancer 
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among men aged 15-49 years in the UK (Cancer Research UK 2014).  Four studies have analysed 

the cardiac mortality risk among testicular cancer survivors (Fossa, Aass et al. 2004, Zagars, Ballo 

et al. 2004, Fossa, Gilbert et al. 2007, Beard, Travis et al. 2013).  Out of a total of 3,378 testicular 

cancer survivors diagnosed before age 55 years, only 107 died from cardiovascular disease during 

the study period, of which 69 deaths were due to myocardial infarction.  The cardiovascular SMR 

was estimated to be 1.2 (95% CI 1.0-1.5), which was similar to that estimated for testicular 

survivors in the Finnish study (Prasad, Signorello et al. 2012).  This translated to a non-significant 

4.5 extra deaths per 10,000 person-years from cardiovascular disease compared to the general 

population rate (Fossa, Aass et al. 2004).  The most recent of the publications studied 

approximately 10,000 individuals diagnosed with stage I testicular cancer aged 15-71, and found 

no evidence of an increased cardiovascular mortality risk (Beard, Travis et al. 2013). A 

collaboration of 14 cancer registries in North America and Europe also found no increased 

mortality risk of either all heart disease, or IHD specifically (Fossa, Gilbert et al. 2007).  However, 

one study did find a significantly raised cardiac mortality risk compared to the general population 

(SMR=1.6 95% CI 1.2-2.2), but it was only among 477 men diagnosed during an early diagnosis 

period (1951-99) with stage I or II testicular seminoma.   

A large number of papers have focused on childhood cancer survivors, including 

investigation of cardiac risk.  For all childhood cancers combined,  cardiac SMRs varied from 3.5 to 

13, while cardiovascular (i.e. including stroke) SMRs were lower, ranging from 2.4 to 9.7 (Green, 

Hyland et al. 1999, Haupt, Valsecchi et al. 2000, Mertens, Yasui et al. 2001, Moller, Garwicz et al. 

2001, Cardous-Ubbink, Heinen et al. 2004, Lawless, Verma et al. 2007, MacArthur, Spinelli et al. 

2007, Bluhm, Ronckers et al. 2008, Mertens, Liu et al. 2008, Armstrong, Liu et al. 2009, Reulen, 

Winter et al. 2010, Castellino, Geiger et al. 2011, Brewster, Clark et al. 2013).  A number of other 

specific tumour sites have been investigated using the Childhood Cancer Survivor Study (CCSS) 

cohort of 5-year survivors diagnosed before age 21, and in particular, a group from Atlanta, USA 
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has published two comprehensive papers on cardiac mortality risk (Mertens, Yasui et al. 2001, 

Mertens, Liu et al. 2008, Armstrong, Liu et al. 2009).   The CCSS cohort records information on 

individuals diagnosed with cancer before age 21 during 1970-86, and is a long-term retrospective 

cohort from 27 centres in the USA and Canada.  The overall cardiac mortality risk was raised for 

bone cancer, particularly Ewing Sarcoma, CNS tumours, leukaemia (particularly for acute 

lymphoblastic leukaemia (ALL) survivors), kidney cancer and soft tissue sarcoma.   
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Paper and 
Country 

FPT Age at 
cancer 
diagnosis  

Number of 
survivors 

Treatment 
Period 

Outcome SMR  
(95% CI) 

       
Beard et al 
(2013) 
USA 

Testicular Aged 15-71 
yrs. 

9,561 1973-01 Cardiovascular 0.91 (0.80-1.05) 

       
VanderWalde 
et al (2013) 
USA 

Hodgkin Aged 6-79 
yrs. 

2,388 1986-06 Cardiovascular 4.3 (1.7-8.7) 

AML      0.5 (0.1-22) 
NHL     2.2 (1.4-3.3) 

       
Yu et al 
(2012) 
USA, SEER 

Oral cavity & 
oropharyngeal 

No 
restriction 

32,487 1980-07 Cardiovascular 2.4 (2.1-2.7) 

       
Baade et al 
(2011) 
Australia 

Hodgkin Aged 0-79 
yrs. 

111,432 1983-05 Cardiovascular 1.67 (1.5-1.9) 
NHL    1.09 (1.0-1.1) 

       
Riihimaki et 
al (2011) 
Sweden 

Breast cancer  3.68 
million 

1987-06 MI 1.01 (0.98-1.05) 

    Heart failure 1.29 (1.22-1.37) 
    Other HD 1.24 (1.17-1.32) 

       
Yu et al 
(2009) 
USA 

Hereditary 
retinoblastoma 

No 
restriction 

1,854 1914-96 Cardiovascular 1.3 (0.3-3.2) 

Non- 
hereditary 
retinoblastoma 

    0.7 (0.2-2.2) 

       
Fossa et al 
(2007) 
N. America & 
Europe 

Testicular No 
restriction 

38,907 1943-02 Cardiac 0.97 (0.92-1.03) 

Testicular    IHD 0.93 (0.88-1.00) 

       
Hisada et al 
(2007) 
USA, SEER 

Hairy cell 
leukaemia 

No 
restriction 

3,104 1973-02 Cardiovascular 0.67 (0.56-0.80) 

       
Swerdlow et 
al (2007) 
Britain 

Hodgkin No 
restriction 

7,033 1967-00 MI 2.5 (2.1-2.9) 

       
Fossa et al 
(2004) 
Norway 

Testicular <55 yrs. 3,378 1962-97 Cardiovascular 1.2 (1.0-1.5) 
    MI 1.1 (0.9-1.4) 

       
Zagars et al 
(2004) 
USA 

Testicular 
seminoma 

No 
restriction 

477 1951-99 Cardiac 1.61 (1.21-2.24) 

       
Aleman et al 
(2003) 
Netherlands 

Hodgkin <41 yrs. 1,261 1965-87 Cardiovascular M: 6.0 (4.1-8.4) 
F: 7.3 (3.6-13.0) 

    MI M: 3.9 (2.1-6.7) 
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F: 4.2 (0.9-12.4) 

       
Hudson et al 
(1998) 
USA 

Hodgkin Paediatric 
patients 

387 1968-90 Cardiac 22 (8-48) 

       
Hoppe et al 
(1997) 
USA 

Hodgkin No 
restriction 

2,498 1960-98 Cardiac 3.1 (2.4-3.7) 

       
Hancock et al 
(1993) 
USA 

Hodgkin Diagnosed 
<21 yrs. 

635 1961-97 Cardiac 29.6 (16.0-49.3) 

Hodgkin    AMI 41.5 (18.1-82.1) 
       

Childhood Cancer Survivor Study 
       
Ginsberg et 
al (2010) 
USA 

Ewing sarcoma 
(bone) 

<21 yrs. 568 1970-86 Cardiac 12.0 (5.2-23.6) 

       
Armstrong et 
al (2009) 
USA 

Bone tumour <21 yrs. 20,483 1979-02 Cardiac 3.9 (1.6-8.1) 
Hodgkin    11.9 (9.1-15.3) 
NHL     6.3 (3.5-11.1) 

 STS     4.0 (1.8-7.6) 
       
Mertens et al 
(2008) 
USA 

Ewing sarcoma  <21 yrs. 20,483 1979-02 Cardiac 12.0 (5.2-23.6) 
Osteosarcoma     3.9 (1.6-8.1) 
Astyocytoma      6.2 (3.0-11.4) 

 Hodgkin     11.9 (9.1-15.3) 
 ALL      4.2 (2.3-6.9) 
 AML      5.0 (0.6-18.1) 
 NHL     6.5 (3.5-11.1) 
 Kidney      12.7 (6.3-22.8) 
 STS     4.0 (1.8-7.6) 
       
Mertens et al 
(2001) 
USA 

Bone tumour <21 yrs. 20,227 1970-86 Cardiac 4.9 (1.8-10.5) 
CNS tumour    7.5 (3.2-14.4) 
Hodgkin     13.8 (9.3-19.4) 

 Leukaemia     3.8 (1.5-7.6) 
 NHL     6.5 (2.3-14.0) 
 Wilms (GU)     18.0 (7.1-36.4) 
 STS     5.7 (2.0-12.2) 
      

Table 1-6: Summary of studies investigating cardiac and cardiovascular mortality in patients diagnosed 
with cancer outside the TYA cancer age range using a comparison to the general population.  

MI = myocardial infarction 
HD = heart disease 
GU = genitourinary 
AMI = acute myocardial infarction 
IHD = ischaemic heart disease 
CCSS = Childhood Cancer Survivor Study 
FPT = first primary tumour 
 
 
 

SMR = standardised mortality ratio 
CI = confidence interval 
yrs. = years 
AML = acute myeloid leukaemia 
ALL = acute lymphoblastic leukaemia 
NHL = non Hodgkin lymphoma 
STS = soft tissue sarcoma 
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1.4.3 Hospitalisation for Cardiovascular Disease in TYA Cancer Survivors 

Over the past year, three papers have been published that address the risk of 

hospitalisation from cardiovascular disease among long-term survivors of cancer diagnosed 

before age 40 (Kero, Jarvela et al. 2014, Rugbjerg, Mellemkjaer et al. 2014, van Laar, Feltbower et 

al. 2014).  All three studies found significant excesses of cardiovascular hospitalisation among 

survivors of TYA cancers (see Table 1-7).   

The largest of these studies was carried out in Denmark.  Cases of cancer were diagnosed 

from 1943 to 2009 and alive on the 2nd of April 1968 were identified from the Danish Cancer 

Registry.  A comparison cohort was obtained by selecting at random five cancer-free comparison 

subjects using the Danish Civil Registration System who were born in Denmark, in the same year 

with the same gender as their matched cancer patient and who were cancer-free at the date of 

diagnosis of their respective survivor.  Due to the wealth of information available in the national 

Danish Civil Registration System, the authors were able to end follow-up if a second primary 

cancer was diagnosis in a cancer survivor, or censor controls on the date of their first cancer 

diagnosis, ensuring that the cardiac late effects were due to the treatment for the first cancer and 

not confounding by any further treatment.  There were 10,591 hospital referrals in cancer 

survivors, compared with an expected value of 8,124.2 in the matched controls, giving an overall 

rate ratio of 1.30 (95% CI 1.28-1.33) (Rugbjerg, Mellemkjaer et al. 2014).  The Danish cohort found 

that the hospitalisation rate ratio, and the absolute excess rate was higher at younger attained 

ages, taking rate ratio values of 6.7 (95% CI 3.7-12.2) and 1.1 (95% CI 1.1-1.2) for ages 16-19 and 

70-79, respectively.  Among these 1-year cancer survivors, heart disease was divided into 14 

different subtypes, and there were significant excesses for all of them.  The largest proportionate 

increase was for endocarditis (RR = 2.16 95% CI 1.62 - 2.88) and the largest absolute excess for 

cardiomyopathy and arrhythmia (AER per 100,000 person-years = 103 95% CI 86 - 121).  Ten 

different sites of cancers were considered, and across the cancer groups, the subtypes of cardiac 
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disease with a significant RR varied.  For example, among survivors of testicular cancer, a 

significant excess was found for valvular disease, compared to among breast cancer survivors 

where a significant excess was shown for cardiomyopathy.    

The other two studies presented findings from cohorts on a small scale, with 14,000 

survivors in the Finnish study (Kero, Jarvela et al. 2014) and 3,000 survivors in the study of 

individuals diagnosed in Yorkshire (van Laar, Feltbower et al. 2014).  Kero and colleagues 

compared the mortality experience of cancer survivors to their healthy siblings, who had to be 

without a cancer diagnosis before age 35, alive in 1971 and at least 5 years old.  Mortality 

outcomes were ascertained from the Finnish National Death Certificate files.  The study found 

that survivors diagnosed before age 20 were at a much greater risk of hospitalisation than that 

among individuals diagnosed aged 20-34.  This held true for both males and females and for all 

cardiovascular endpoints studied.  Substantial variation existed for each of the cardiac endpoints 

studied by first primary cancer diagnosed, and the risk was greatest amongst survivors of 

lymphoma, brain tumours, leukaemia and testicular cancer.  Van Laar and colleagues matched 

cancer survivors by age at hospital admission to the general population of Yorkshire during 1996 

to 2011 who had an inpatient HES record.  This study also found that individuals diagnosed at a 

younger age were at a greater risk, yet the cohort overall was at an increased hospitalisation rate 

compared to the general population. 

One other study investigated overall hospitalisation of 5-year survivors of childhood, 

adolescent and young adult cancer, defined as before the age of 25 years (Brewster, Clark et al. 

2014).  The individuals (n=5,229) were diagnosed in Scotland during 1981-2003 and compared to 

the general Scottish population.  The standardised hospitalisation rate ratio (SHRR) for coronary 

heart disease after all cancers was 1.4 (95% CI 1.0 - 2.1), and for cardiomyopathy was  

5.3 (95% CI 2.8 - 9.0).  Investigation of specific cancer types found a significant SHRR for coronary 

heart disease among survivors of lymphoma (SHR = 3.6 95% CI 2.1 – 5.6), and for cardiomyopathy 
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among survivors of leukaemia (SHRR = 32.4 95% CI 13.0 - 66.7) and soft tissue sarcoma  

(SHRR = 17.8 95% CI 2.2 - 64.2).  The mortality experience of this population had been previously 

published, and found an SMR for all circulatory disease of 2.4 (95% CI 1.4 - 3.9) (Brewster, Clark et 

al. 2013).   

Paper and 
Country 

Number of 
survivors 

Treatment 
Period 

Outcome FPT SHRR 
(95% CI) 

      
Rugbjerg et 
al (2014) 
Denmark 

43,153 1943-2009 Cardiovascular All 1.30 (1.28-1.33) 
   Leukaemia 2.5 (2.1-2.9) 
   Hodgkin lymphoma 1.7 (1.6-1.9) 

    Brain 1.6 (1.5-1.8) 
    Non-Hodgkin 

lymphoma 
1.5 (1.4-1.7) 

    Breast 1.4 (1.4-1.5) 
    Testis 1.3 (1.2-1.3) 
    Cervix 1.2 (1.2-1.3) 
    Malignant skin 

melanoma 
1.2 (1.1-1.2) 

    Ovary 1.2 (1.1-1.4) 
    Thyroid  1.2 (1.0-1.4) 
      
Kero et al 
(2014) 
Finland 

13,860 1975-2004 Cardiomyopathy / 
cardiac insufficiency 

All 
4.6 (3.6-5.8) 

  Myocardial infarction 
/ cardiac ischaemia 

All 
1.8 (1.5-2.2) 

   Arrhythmia All 1.4 (1.2-1.7) 
      
van Laar et al 
(2014) 
UK 

3,247 1991-2006 Cardiovascular All ages 0-14 2.6 (1.9-3.6) 
  Cardiovascular All ages 15-29 1.2 (0.9-1.5) 
  Cardiomyopathy / 

heart failure 
All ages 0-14 

12.7 (7.4-21.9) 

   Pericardial disease All ages 0-14 7.9 (3.3-19.0) 
   Hypertension All ages 0-14 4.0 (2.3-7.1) 
   Valvular heart 

disease 
All ages 0-14 3.2 (1.0-10.0) 

      

Table 1-7: Summary of studies investigating cardiac and cardiovascular hospitalisation using population 
comparisons in patients diagnosed with cancer within the TYA cancer age range (15-39 years). 

FPT = first primary tumour 
SHRR = standardised hospitalisation rate ratio 
CI = confidence interval 
 
 
 
 
 
 
 
 



DPhil Thesis: Katherine E Henson 
Chapter 1: Introduction & Literature Review  

43 

 

1.5 Summary and Unanswered Questions 

Over the past few decades it has become clear that the heart is an organ at risk during 

radiotherapy for breast cancer, and that efforts should be made to minimise the dose that it 

receives without compromising coverage of the target.  The late hazards of recent techniques are 

still unknown. Recent evidence does not point towards a threshold dose, but it is still unclear 

which cardiac structures are most radiosensitive.  Dose-response relationships from exposure to 

the whole heart are emerging (Darby, Ewertz et al. 2013), and so the need to identify the critical 

structures and their associated dose-response relationships is gaining importance.  Identification 

of specific categories of heart disease, for example valvular heart disease and pericarditis, and 

characterising (trend with age, time since etc.) their associated risk, is needed to help to 

understand the mechanisms of cardiotoxic damage within structures of the heart.  Little is known 

about factors, other than cardiac dose received, which determine the magnitude of the risk.  

Although, it seems likely that cardiovascular risk factors will be important.  The availability of 

large-scale observational datasets with extended follow-up should permit the detection of new 

trends across information routinely collected on groups of individuals, for example age.   

There are a limited number of studies that directly assess the risk of radiation-related 

lung cancer.  However, randomised evidence has shown an association between radiotherapy and 

lung cancer risk in breast cancer survivors, particularly those treated with mastectomy.  

Observational evidence suggests that this radiation-related risk is limited to the ipsilateral lung, 

and increases multiplicatively with any smoking-related risk.  The proportional increase in risk 

appears to be greater in women under 50 years old at exposure, but the trend with age at 

diagnosis of initial cancer has not been characterised in detail.  No direct analyses of trend across 

calendar periods of diagnosis have been performed and the increasing trend with time since 

exposure in lung cancer risk has not been investigated specifically for radiation-related lung 

cancer cases particularly into the third decade.  Finally, there is little information on the extent to 
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which the risk of radiation-related lung cancer may be modified by chemotherapy and hormonal 

therapy. 

The population of individuals diagnosed with cancer as teenagers and young adults is an 

understudied population within the oncology and general medical literature.  The TYA cancer 

population is distinct, as regards hormonal, socio-economic factors, tumour biology and tumour 

distribution.  Overall 5-year survival is 81% for males and 84% for females, but over the last 

decade survival has improved less than in childhood cancer.   There have only been two studies as 

yet to focus on cause-specific mortality risk within an entire TYA cancer population.  Heart disease 

risk has been investigated in childhood cancer, breast cancer and Hodgkin lymphoma patients, 

which found that the cardiac mortality risk was elevated throughout the entire age range, but 

that the risk is greater in younger patients.  There is a need for further analysis of cardiac risk 

within the TYA cancer population. 

This thesis aims to characterise the radiation-related heart disease and lung cancer risk in 

breast cancer survivors, and to describe the risk of heart disease in the TYA cancer population.  

This thesis aims to use data from large population-based cohorts to, as far as possible given the 

information available, address the unanswered questions.  The specific aims that this thesis plans 

to address are: 

1. Provide a thorough methodology-based discussion of the potential pitfalls of observational 

data that need to be considered carefully during analysis. Selection effects and other biases 

are known to be present in both randomised and observational data.  However, during 

analyses of randomised data, these biases should be evenly distributed throughout the 

treatment groups, meaning that associations between treatment and outcomes are likely to 

be due to true causation as the treatment allocation was randomised.  This is not the case in 

observational data, and so this thesis aims to describe the impact of these biases in 

observational data, using randomised data as a ‘gold-standard’ comparison.  In addition, it 
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aims to provide an alternative method and consequently explain the rational for the analyses 

presented in the following chapters.   

 

2. Characterise the radiation-related risks of heart disease and lung cancer -- the largest causes 

of mortality before recurrence, from causes other than breast cancer – in survivors of breast 

cancer.  Randomised evidence from individual patient data meta-analyses performed by 

EBCTCG have demonstrated that radiotherapy for breast cancer reduces the breast cancer 

recurrence and mortality rate, but this clear benefit can be offset by an increased risk of 

mortality from causes other than the original breast cancer, namely heart disease and second 

primary cancers, particularly lung cancer.  Previous published studies have begun to 

characterise these radiation-related risks in observational cohorts, which are representative 

of the general population.  However, few factors have been shown, other than the effect of 

radiation dose, to determine the magnitude of the risk.  Therefore, using the largest 

observational study to date, this thesis aims to characterise the magnitude of the  

radiation-related risk of heart disease and lung cancer including the variation by various 

treatment and patient characteristics.   

 

3. Characterise the long-term risk of heart disease for the entire spectrum of cancers diagnosed 

in teenagers and young adults aged 15-39.  To this date, the focus of cancer outcomes 

research has been on either childhood or specific mature adult cancers.  As such, teenagers 

and young adults have fallen into a gap of medical specialities and research, and are an 

understudied population.  Among childhood cancer survivors, and adult survivors of breast 

cancer and Hodgkin lymphoma heart disease is known to be the leading non-neoplastic cause 

of mortality.  Therefore, this thesis aims to characterise the long-term risk of heart disease in 

this understudied TYA cancer population.     
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2.1 Materials  

This thesis is based on two population-based prospective datasets: the Collaborative 

Group on Observational Studies of Breast Cancer Survivors (COBS) and the Teenage and Young 

Adult Cancer Survivors Study (TYACSS).  Chapter 3 is a methodological study based on data from 

the Surveillance and Epidemiology End Results (SEER) cancer registries from the USA.  This data is 

also included in the COBS dataset.  All datasets will be explained individually. 

In addition to preparing the datasets for analysis and running all the analyses, my 

personal involvement in cleaning and processing subsets of these cohorts was: the cleaning of 

updated data supplied by two Nordic cancer registries to COBS; the application of and processing 

of the updated SEER dataset; and checking the Welsh data in TYACSS.   Other cleaning and data 

processing was carried out by others. 

2.1.1 Collaborative Group on Observational Studies of Breast Cancer Survivors  

The Collaborative Group on Observational Studies of Breast Cancer Survivors was 

established in 2007 to generate a large-scale population-based dataset to study several potential 

adverse health effects of treatment for breast cancer.  The collaboration was established by Dr 

Max Parkin, Professor Sir Richard Peto, Professor Sarah Darby, Dr Paul McGale and Dr Carolyn 

Taylor, and voting members of the International Association of Cancer Registries and a number of 

others were invited to collaborate.  The aim was to collate information on a relatively small 

number of essential data items from a large number of cancer registries.  

Overall, the dataset includes information from 87 cancer registries in 40 countries 

worldwide, providing information on more than 2 million women diagnosed during 1935-2008, 

with follow-up extending to 2011.  However, not all registries were able to supply complete 

information for all endpoints of interest.  Therefore, the COBS subsets used for the three studies 

presented in this thesis are: 
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 Cardiac mortality study: 1.9 million women from 57 cancer registries in 22 high income 

countries.  Countries were dropped if they supplied data on less than 50 heart disease 

deaths 

 Cardiac incidence study: 669,000 women from 13 cancer registries in 8 countries.  

Countries were dropped if they supplied data on less than 25 cardiac events 

 Lung cancer study: 1.6 million women from 24 cancer registries in 18 countries.  Countries 

were combined into one category if they supplied data on less than 20 deaths or events 

Detailed information on the data supplied by each registry is included in Appendix B. 

2.1.1.1  Data Collection  

Each of the 87 participating cancer registries assembled their own dataset.  Follow-up 

was usually ascertained by cross-matching against national registers.  The datasets were 

anonymised and then submitted to the secretariat in Oxford, where they were checked and 

collated into a standard pre-determined format.  The datafiles were then merged with all registry 

data to create a file suitable for analysis. 

2.1.1.2 Eligibility Criteria  

The main eligibility criteria were:  

1. Women diagnosed with carcinoma in situ in the breast which was treated with 

radiotherapy 

2. Women diagnosed with invasive breast cancer (regardless of whether they were treated 

with radiotherapy) and who are not in 1. 

For inclusion, individuals needed to be diagnosed with invasive breast cancer or ductal 

carcinoma in situ as their first cancer diagnosis.  Women with bilateral cancer were excluded.  

Their record had to include a valid follow-up until a specified date and known radiotherapy status.  
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Both the laterality of the index breast cancer and lung cancer, where applicable, had to be known.  

Breast cancer diagnosis had to be between the ages of 20 and 79 years old.   

Patients were excluded if: they had been previously diagnosed with any other invasive 

cancer (excluding non-melanoma skin cancer) on or before the date of diagnosis of the index 

breast cancer; they were known to have emigrated at any time prior to date of index breast 

cancer diagnosis (even if subsequently re-immigrated); they were known to have immigrated at 

any time (before or after breast cancer diagnosis); they died on the date of diagnosis of breast 

cancer, or were diagnosed at autopsy; they were known to have previously been treated with 

thoracic radiotherapy. 

2.1.2 Teenage and Young Adult Cancer Survivor Study  

The Teenage and Young Adult Cancer Survivor Study (TYACSS) is a large population-based 

cohort of individuals diagnosed with cancer aged 15-39 inclusive in England and Wales.  The 

cohort holds information on 5-year survivors diagnosed during 1971-2006 with follow-up to the 

28th of February 2014. For inclusion, the individual had to be diagnosed with a malignant tumour, 

unless it was a tumour of the brain or bladder, in which case both benign and malignant tumours 

were included.  The TYACSS is the largest population-based cohort to date to focus on the TYA 

cancer population.  A total of 233,081 individuals met the inclusion criteria, contributing 

3,325,102 person-years at risk.  The cohort was ascertained through the Office of National 

Statistics for England, and the Welsh Cancer Registry.  Only an individual’s first cancer diagnosed 

in the study period was considered.  Comparison to the British Childhood Cancer Survivor Study 

(BCCSS) (Hawkins, Lancashire et al. 2008) enabled exclusion of individuals who were previously 

diagnosed with cancer during childhood (<15 years). 

Legal consent to process patient identifiable information was obtained from the Patient 

Information Advisory Group. Ethical approval (a favourable opinion) was given by the National 
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Research Ethics Committee (TYACSS NRES: 10/H1102/24 and NIGB: ECC 3-04 (c) / 2010, BCCSS 

NRES: 10/H1102/86 and NIGB: ECC 2-02 (f) / 2011). 

2.1.2.1 Vital Status and Cause of Death Ascertainment 

Linkage with the Health and Social Care Information Centre (HSC-IC, previously known as 

the NHS Information Centre) provided the vital status and embarkations due to emigration for 

each survivor.  For all 5-year survivors known to have died within the study period, the underlying 

cause of death was obtained from HSC-IC, recorded using the revision of International 

Classification of Diseases which was applicable to the year of death (revision 9 or 10).   The use of 

both revisions 9 and 10 of the ICD was not likely to impact on the findings presented.   

2.1.2.2 Cancer Classification 

First primary tumour groupings were based on the widely used TYA cancer classification 

scheme (Birch, Alston et al. 2002, Barr, Holowaty et al. 2006).  This classification comprises ten 

main diagnostic groups, but was modified to create finer groupings of carcinomas, giving 18 

groups in total (see Table 2-1 below). 

First Primary Cancer Grouping Specific Cancer Diagnosis 

Breast  Breast 

Non-Melanoma Skin Cancer NM Skin 
Testicular Germ cell gonadal 

Oth spec gonadal tumours (if male) 
Cervix Cervix 

Melanoma Skin Cancer Melanoma & Naevi 

Hodgkin lymphoma Hodg Dis (spec) 
Hodg Dis NOS 

Central Nervous System tumour Pilocytic astrocytoma 
Oth spec astrocytoma 
Glioblastoma/anaplastic astrocytoma 
Astrocytoma  NOS 
Oligodendroglioma 
Other specified glioma 
Glioma, NOS 
Ependymoma 
Medulloblastoma 
Supratentorial PNET 
Craniopharyngioma 
Oth Pituitary tumours 

Table cont. on next page  
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Pineal tumours 
Choroid plexus tumours 
Meningioma 
CNS nerve sheath tumours 
Oth spec CNS 
Uns malig CNS 
Uns benign CNS 
Germ cell intracranial 

Non-Hodgkin lymphoma Spec NHL 
Unspec NHL 
misc lymphoreticular neops NEC 

Genitourinary GU tract 
Kidney 
Bladder 
GU tract (oth) 
Wilms tumour 

Thyroid Thyroid 

Gastrointestinal Colon & rectum 
Stomach 
Liver 
Pancreas 
GI tract (oth) 

Soft Tissue Sarcoma Fibrosarcoma 
Malig fibrous histiocytoma 
Dermatofibrosarcoma 
Rhabdomyosarcoma 
Liposarcoma 
Leiomyosarcoma 
Synovial sarcoma 
Clear cell sarcoma 
Blood vessel tumours 
Nerve sheath tumours 
Alveolar soft part sarcoma 
Other Specified STS 
Unspecified STS 

Ovarian Ovary 
Oth spec gonadal tumours (if female) 
Germ cell gonadal (if female) 

Leukaemia A L Leuk 
A M Leuk 
C M Leuk 
Oth L Leuk 
Oth M Leuk 
Oth Spec Leuk 
Oth Unspec Leuk 

Bone tumour Osteosarcoma 
Chondrosarcoma 
Ewing sarcoma 
Ewing sarcoma NOT bone 
Ewing sarcoma SITE UNSPEC 
Oth bone tumours SPEC 

Table cont. on next page  
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bone tumours UNSPEC 

Other Unsc malig neops 
Germ cell OTHER 
Breast (Note: These are male) 
Adrenocortical 
Carcinoma - oth 
Neuroblastoma 
Oth paediatr NEC 
Paraganglioma & glomus 
Oth spec neops NEC 
Unspec malig neops NEC 
Not in ICD-9/10, ICDO-T 
Histology different in ICDO 2 & 3 
Incorrect site/type combination 
hist-incorrect behaviour (>=3) 
Oth benign 
Not in Histology classification 

Lung Trachea, bronchus & lung 

Head and neck Nasopharyngeal  
Oth lip/oral cavity/pharynx 

Oth Nasal cavity/middle ear 

Table 2-1: Modified cancer classification groups. 

 

2.1.2.3 Data Cleaning and Processing  

The data for the TYACSS cohort was obtained in stages, from three sources within 

England and Wales.  Within this process, my role involved checking the cancer-based file supplied 

by the Welsh Cancer Registry for duplicates and problems before it was sent to HSC-IC for vital 

status and cause of death information.  There were 20,159 cancer registrations, of which 16,000 

had an NHS number.  Among registrations where no NHS number was present, duplicates were 

identified by considering combinations of various patient information variables.  The values 

recorded in the dataset were checked against the codebook supplied by ONS.  Missing data and 

invalid dates were checked for and queried with the data supplier.  Many were corrected, and 

records that could not be corrected were excluded.   
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2.1.3 Surveillance, Epidemiology and End Results  

The Surveillance, Epidemiology and End Results database is run by the National Cancer 

Institute in the USA, and routinely collects cancer data from designated population-based cancer 

registries.   SEER started collating information in 1973, when it covered 10% of the US population.  

Currently, 17 cancer registries are included in SEER, covering approximately 28% of the US 

population.  Mortality data is provided to SEER by the National Centre for Health Statistics.  As 

with most other cancer registry data, the SEER database does not include detailed treatment 

data.  Surgery type (breast conserving surgery or mastectomy) has been recorded in SEER since 

1983.  In our analyses, all individuals diagnosed before 1983 were automatically recorded to have 

received mastectomy.   

For inclusion, individuals needed to be diagnosed with localised or regional breast cancer 

within a SEER geographical region during 1973-2011.  Patients who moved out of a SEER region 

were lost to follow-up.  The eligibility and exclusion criteria used for the SEER data is as explained 

in Section 2.1.1.2.  This left 558,871 women eligible for analysis, of which 46% were recorded to 

have received radiotherapy. 

2.2 Classification of Heart Disease  

The underlying cause of death was used, and recorded using the International 

Classification of Disease (ICD).  Multiple versions of the ICD codes were in use throughout the 

study period, and the classification accounted for this.  Dr David Cutter formulated a mutually 

exclusive and exhaustive classification of ICD codes into heart disease categories.  This is shown in 

Table 2-2.  The fully extended version for ICD revisions 5 to 10 is in Appendix B.3.  The categories 

‘Ischaemic HD’ and ‘Arrhythmias’ were combined for analyses of radiation-related heart disease 

in COBS, and the categories ‘Valvular HD’ and ‘Rheumatic Valv. HD’ were combined for analyses 

of the TYACSS. 
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Cause of Death ICD-10 

  
All cardiac I01, I02.0, I05-I09, I11, I13, I20-I25, I27.1-I27.9, I30-I52 
Cardiomyopathy/CHF I01.2, I09.0, I11.0, I13.0, I13.2, I40-I43, I50, I51.4-5, I51.7 
Valvular HD I34-I39 
Rheumatic Valv. HD I01.1, I05-I08, I09.1 
Ischaemic HD I20-I25 
Arrhythmias I44-49 
Pericardial I01.0, I09.2, I30-I32 
Others I01.8-9, I09.8-9, I11.9, I13.1, I13.9, I27.1-I27.9, I33, I51.0-3, I51.6, I51.8-9, I52 

  
Table 2-2: ICD codes for cardiac groups. 

 

2.3 Methods 

The COBS and TYACSS cohorts contain required different analytical approaches.  Among 

breast cancer patients, radiotherapy-related risks could be estimated by utilising the fact that the 

breast is a paired organ.  The heart is situated to the left-side of the body, making a comparison 

of left-sided versus right-sided breast cancer in irradiated women effectively a comparison of 

higher versus lower radiation dose.   

Within the TYACSS, the focus is on a wide distribution of cancer types which required a 

different approach.  Therefore, comparisons were made to the matched general population in 

order to estimate the excess risk potentially attributable to the cancer.  Details of the method by 

which the cancer population was matched to the general population are included in Section 2.3.2. 

All calculations used Stata versions 12 and 13. 

2.3.1 Statistical Methodology for COBS Cohort 

2.3.1.1 Mortality and Incidence Rate Ratios 

Two comparison types were employed throughout the analyses of the COBS data:  

left-sided versus right-sided breast cancer for the analysis of heart disease; ipsilateral versus 

contralateral for the analysis of microscopically confirmed lung cancer. 
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Mortality and incidence rate ratios were estimated using grouped logistic regression by 

maximum likelihood estimation.  The number of deaths and person-years were calculated 

conditional on defined strata.  The stratification was based on the cross-classification of four 

explanatory variables: calendar year of diagnosis (5-year groups), age at diagnosis (5-year groups), 

country of treatment and years since diagnosis (5-year groups).  Each woman’s contribution to 

the person-years are risk ran from the date of breast cancer diagnosis to the earliest of death, 

loss to follow-up, 85th birthday, or end of follow-up period (varied for each registry). 

In order to remove the dependence on a baseline category in the regression, a further  

weighted-average adjustment was performed (where appropriate) on the multivariable model 

with the four explanatory variables.  The variables used in the multivariable model were: time 

since breast cancer diagnosis, country of breast cancer diagnosis, age of breast cancer diagnosis 

and calendar year of breast cancer diagnosis.  The following chapters will indicate if the rate 

ratios were calculated using this additional weighted-average adjustment.  Thus, the rate ratio for 

an explanatory variable was the average of adjusted rate ratios over all combinations of the 

categories of the other three explanatory variables, weighted by the corresponding person-years.  

Formally, the averaged value for category   of the explanatory variable time since diagnosis, after 

adjusting for all categories of the other three explanatory variables       and     was: 

              

Where: 

          
           

 

   

 

   

 

   

 

With           
     

     
 

The variance of the rate ratio was then calculated using Taylor expansion to produce a 

linear combination of the estimates of the full model with their respective variances and 
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covariance.  The approximate standard error on the log scale was then used with the exact point 

estimate of the adjusted rate ratio to calculate the 95% confidence interval. 

Tests for trend and heterogeneity were performed using the likelihood ratio test and 

based on the chi-squared distribution.  Significance tests were two-sided. 

See Appendix B for an extended explanation of this statistical methodology. 

2.3.1.2 Cumulative mortality 

The cumulative mortality risk in irradiated women was calculated by transforming the 

relative risk ratios into absolute rates.  For each age group, the relative size of the absolute rates 

was set equal to the relative size of the estimated mortality ratio.  Thus, the estimated mortality 

ratio was assumed to be the increase in rate in the exposed group compared to the unexposed 

group (the general population).  The exposure was set to be laterality: either of the index breast 

cancer, or the concordance of the breast and lung cancer.  A detailed explanation is included in 

Appendix B.  The mortality ratio estimates used to produce the cumulative mortality risk curve 

were estimated using grouped logistic regression with an interaction term between the age at 

diagnosis and time since diagnosis.  This allowed estimation of the age-specific cumulative 

mortality with respect to the corresponding follow-up period. 

The death counts used for the population rates were obtained from the World Health 

Organisation5, and the population counts were from the UN6 (both accessed 3rd December 2012).  

For Belgium and Denmark, the 2006 death rates were applied to the 2010 population estimates.  

For France, Greece, Italy and Luxembourg, the 2009 death rates were applied. 

 

 

                                                           
5
 http://www.who.int/healthinfo/morttables/en/ 

6
 http://esa.un.org/unpd/wpp/Excel-Data/population.htm 
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2.3.2 Statistical Methodology for TYACSS Cohort  

Each individual’s contribution to the person-years at risk began at the date of 5-year 

survival and ended at the earliest of 28th of February 2014, death or loss to follow-up (for 

example due to embarkation).  The cause of death for cancer survivors was ascertained from 

national sources, using the underlying cause of death on the death certificate, therefore the 

cause of death for both the cancer population and general population were allocated in the same 

way. 

Standardised mortality ratios (SMRs) and absolute excess rates (AERs) were calculated 

using standard cohort techniques (Breslow and Day 1987).  SMRs were calculated as the number 

of deaths observed divided by the numbers expected derived from age (5-year groups), sex, and 

calendar-year (1-year groups) specific death rates for England and Wales combined.  AERs were 

calculated as the numbers of deaths observed minus the number expected from the national 

population per 10,000 person-years at risk.     

Tests for trend and heterogeneity were performed using likelihood-ratio tests within 

Poisson regression models.  Statistical significance was defined as 2p<0.05.   

Multivariable Poisson regression models for the SMRs and AERs were used to evaluate 

the simultaneous effect of demographic and cancer-related factors.  If the results from 

univariable modelling were similar to the multivariable model, then such robust findings were 

reported in terms of SMRs and AERs.  If the univariable results were not similar, then the 

multivariable results were reported in terms of relative risks or excess morality ratios. The factors 

of interest were: sex, age at cancer diagnosis (5-year groups), calendar year of diagnosis (10-year 

groups), time since diagnosis (5-year groups), attained age (20-39, 40-49, 50-59 and 60+ years) 

and first primary cancer type. To avoid collinearity between attained age and years since 

diagnosis (r=0.73, 2p<0.0001) only one of these variables was included in any multivariable model 

at a time.  
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Cumulative risk of mortality, taking account of competing risk of death from any cause 

other than heart disease, was estimated for the for first primary cancer groups with at least 100 

cardiac deaths and a significant overall SMR (Coviello and Boggess 2004).       
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3.1 Introduction 

Increasingly scarce resources in the US for the conduct of randomised controlled trials 

(Institute of Medicine 2010, Chakma, Sun et al. 2014) have led to growing interest in the use of 

observational datasets and comparative effectiveness research to determine the impact of cancer 

treatments.  Comparative effectiveness research is designed to provide reliable information on 

comparisons of existing health care interventions in patients representative of the general 

population, and observational sources of data may be particularly valuable in illuminating the 

impact of treatment in real-world settings (Korn and Freidlin 2012, Lyman and Levine 2012, 

Meyer, Wheeler et al. 2014).  However, determining causation in the context of observational 

studies is challenging.  Selection biases can arise from the selection of more aggressive 

treatments for patients with adverse disease characteristics or favourable comorbidity profiles.  

Therefore, associations may arise between treatment and outcomes which are in fact due to 

confounding rather than true causal mechanisms.  This is in contrast to a randomised trial where 

associations are more likely to reflect true causation. Giordano and colleagues (Giordano, Kuo et 

al. 2008) examined Surveillance Epidemiology and End Results (SEER)-Medicare data in 2008 to 

“question the reliability of using mortality endpoints to assess treatment efficacy in  

non-randomised data”.  Their study focused on patients with prostate and colon cancer, and 

found that several analyses of treatment-related effects produced improbable results which 

conflicted directly with the findings of randomised trials in those diseases.  It is important to 

investigate whether similar problems exist when analysing mortality outcomes associated with 

radiotherapy for breast cancer.  Breast cancer is the most commonly diagnosed cancer among 

women in the developed world, and radiotherapy is used in the adjuvant setting for the vast 

majority of women following breast conserving surgery (BCS) and a substantial proportion of 

node-positive women following mastectomy.  Jagsi and colleagues found that among women with 

strong indications for adjuvant radiotherapy, 95.4% were irradiated after breast conserving 

surgery and 77.6% after mastectomy (Jagsi, Abrahamse et al. 2010).  Strong indications for 
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radiotherapy were defined using consensus guidelines and evidence that had been published by 

2005.  Strong indications for radiotherapy after BCS were defined as all other patients than 

“patients older than 70 years undergoing breast conserving surgery for stage I, estrogen  

receptor-positive tumours”.  After mastectomy, strong indications for radiotherapy were 

categorised as “those with N2 or greater disease, T4 disease, or T3N1 disease”.   

Observational data relating to breast radiotherapy is available from the SEER and  

SEER-Medicare cohorts.  As an initial step in determining the temporal pattern and scope of 

studies using these data, a systematic review was undertaken, and the number of papers and 

methods used noted.   Randomised data have been presented in individual patient data  

meta-analyses by the Early Breast Cancer Trialists’ Collaborative Group (EBCTCG) (Early Breast 

Cancer Trialists' Collaborative Group 2000, Early Breast Cancer Trialists' Collaborative Group 2005, 

Early Breast Cancer Trialists' Collaborative Group 2011, Early Breast Cancer Trialists' Collaborative 

Group 2014).  This chapter sought to utilise these two sources of data to investigate whether 

mortality outcomes in the SEER observational data are subject to bias, using EBCTCG randomised 

evidence as a gold standard source for comparison.  In addition, the impact of adjustment for 

known potential confounding factors, such as age and tumour characteristics, could be 

determined. 

For a number of mortality outcomes, selection biases present in observational breast 

cancer radiotherapy analyses can be circumvented by comparing mortality rates by breast cancer 

laterality (i.e. left-sided versus right-sided breast cancer) (Vandenbroucke 2004).  This method is 

particularly useful for outcomes relating to organs situated to one side of the body or bilateral 

organs. The position of the heart towards the left-side of the body results in the heart usually 

receiving a higher radiation dose during treatment for left-sided breast cancer as compared to 

right-sided breast cancer, likewise for the ipsilateral lung compared to the contralateral lung.  

Thus, a comparison of cardiac outcomes using left-sided versus right-sided breast cancer is 
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effectively a comparison of higher versus lower cardiac dose.  This laterality comparison will be 

presented and compared to the gold standard randomised results.  There are however many 

outcomes of interest for which this technique is not an appropriate method for determining the 

effect of radiotherapy.     

3.2 Aim 

The aim of this chapter was to answer the question: does a comparison of irradiated and 

unirradiated women give the correct answers in observational data when investigating the effects 

of radiotherapy?   

3.3 Materials and Methods  

A subset of the materials described in Chapter 2 will be used for this methodological 

discussion, and they are detailed below.  In addition, the details of the systematic review are 

presented in the following section.   

3.3.1 Systematic Review of Observational Studies 

Studies were considered for the review if they analysed disease control, toxicity, or 

second malignancy after radiotherapy for breast cancer using the SEER or SEER-Medicare linked 

databases.  A primary result was one where the comparison of radiotherapy versus not was 

presented as a main outcome, and conclusions were drawn from these results.  A secondary 

result was one where the comparison was used, in either a univariable or multivariable regression 

model, and the result was presented, but no conclusions were drawn by the authors relating to 

that comparison.  EMBASE (up to 22nd May) and MEDLINE (up to May week 2 2014) were 

searched, and two additional searches in PubMed were performed on 23/05/2014.  See Table 3-1 

for details of the search strategies.  After removing duplicates, full text articles (where available) 

were examined.  Where the full articles were not available, the abstract was screened.   
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References were categorised into one of the following categories: 

a) full articles comparing left-sided versus right-sided breast cancer as a main result 

For articles that did not present left-sided versus right-sided as a primary result were 

categorised as: 

b) full articles comparing radiotherapy versus no radiotherapy (RT+ vs RT-) as a primary 

result  

c) full articles comparing RT+ vs RT- as a secondary result, e.g. with analyses of urban 

versus rural areas as a main result 

d) conference abstracts comparing RT+ vs RT- as a primary result 

e) conference abstracts comparing RT+ vs RT- as a secondary result.  
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Database Search 
Order 

Search Terms 

   
EMBASE 1. radiotherapy*.mp † 
 2. radiation.mp or exp radiation/ 
 3. irradiat*.mp 
 4. brachytherapy*.mp 
 5. exp radiotherapy/ 
 6. 1 or 2 or 3 or 4 or 5 
 7. SEER.mp 
 8. (Surveillance Epidemiology and End Results).mp.  
 9. 7 or 8 
 10. 6 and 9 
   
MEDLINE 1. radiotherapy*.mp § 
 2. exp Radiation/ 
 3. radiation.mp  
 4. brachytherapy*.mp 
 5. exp Radiotherapy/ 
 6. 1 or 2 or 3 or 4 or 5 
 7. SEER.mp 
 8. (Surveillance Epidemiology and End Results).mp.  
 9. 7 or 8 
 10. 6 and 9 
   
PubMed (n=192) - ((breast cancer) AND radiotherapy) AND SEER 
   
PubMed (n=738) - (radiotherapy) AND SEER 
   

† mp=title, abstract, subject headings, heading word, drug trade name, original title, device manufacturer, drug 

manufacturer, device trade name, keyword 

§ mp=title, abstract, original title, name of substance word, subject heading word, keyword heading word, 

protocol supplementary concept word, rare disease supplementary concept word, unique identifier 

Table 3-1: Search strategy for the systematic review of studies that used the SEER public-use data set to 
analyse disease control, toxicity or heart disease and second malignancy associated with radiotherapy for 
breast cancer. 

3.3.2 Randomised Evidence: EBCTCG Meta-Analysis 

The latest cycle of the EBCTCG meta-analyses of individual patient data from randomised 

controlled trials was taken as the gold-standard.  The most recent meta-analyses were based on 

individual patient data for 8,135 women taking part in 22 randomised trials of radiotherapy 

among women treated with mastectomy and axillary surgery started during 1964 to 1986 (Early 

Breast Cancer Trialists' Collaborative Group 2014).  Prior to this, a meta-analysis of 10,801 women 
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enrolled in 17 randomised trials started during 1976 – 1999 of radiotherapy versus not after 

breast conserving surgery was published (Early Breast Cancer Trialists' Collaborative Group 2011).   

Breast cancer mortality and all-cause mortality log rank estimates were taken from  

Web-figure 30 (Early Breast Cancer Trialists' Collaborative Group 2014) for node-positive women 

given a mastectomy and from Web-figures 3, 12a, 12b and 12c (Early Breast Cancer Trialists' 

Collaborative Group 2011) for all women given breast conserving surgery.   

Mortality ratios, with corresponding 95% confidence intervals, were estimated from the 

log rank O-E estimates and variances, where O-E is the (O)bserved minus (E)xpected number of 

deaths in the treatment-allocated arm7.  Analyses were stratified by trial, individual follow-up 

year, age at randomisation and pathological nodal status.   

3.3.3 Observational Evidence: SEER Cohort 

Cause-specific mortality information was obtained from the SEER public-use data set on 

all women registered with local or regional breast cancer during 1973-2008.  Women diagnosed 

with breast cancer as their first cancer when aged 20-79 years were included, unless their cancer 

was bilateral.  All records had to include a valid follow-up and known status of radiotherapy and 

breast cancer laterality.  Deaths were classified based on the underlying cause on the death 

certificate.   

In this analysis of SEER data, radiotherapy refers to adjuvant radiotherapy administered 

after either breast conserving surgery or mastectomy.  However, the recording procedures have 

evolved over time.  Prior to 1998, radiotherapy was recorded only if it was received during the 

first four months after surgery.  From 1998, radiotherapy was recorded if it was received as part 

of the planned first course of treatment, whenever it was administered.  A number of studies 

have demonstrated under-ascertainment of radiotherapy receipt in SEER, and variation in 

                                                           
7
 
7
 http://www.ctsu.ox.ac.uk/research/meta-trials/ebctcg/section-5-statistical-methods 
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ascertainment even after 1998 (Malin, Kahn et al. 2002, Yu, Gross et al. 2009, Jagsi, Abrahamse et 

al. 2010, Jagsi, Abrahamse et al. 2012, Walker, Giordano et al. 2013). 

In calculating death rates, each woman’s contribution to the person-years at risk ran from 

the date of breast cancer diagnosis to the earliest of: death, loss to follow-up, end of study period 

(1st January 2009) or 85th birthday.  Mortality ratios were estimated using Poisson regression with 

stratification by available possible confounders.  These included the following patient, disease, 

and treatment characteristics: calendar year of cancer diagnosis, time since diagnosis, age at 

cancer diagnosis (all in 5-year groups), race / ethnicity, tumour size, tumour grade, surgery type, 

number of involved nodes, axillary clearance, clinical nodal status (from 2004 onwards), ER status 

and disease stage.  Prior to 1990, there was limited information recorded on tumour 

characteristics, for example for women diagnosed in 1973, 89% were recorded with an unknown 

grade, and 90% an unknown tumour size.  Therefore, when the stratification included the tumour 

characteristics the cohort was restricted to 1990+. 

3.4 Results  

The mortality ratio, irradiated versus unirradiated, is a measure of the association 

between mortality and the treatment exposure, which in this case is radiotherapy.  As such, a 

mortality ratio value greater than 1 indicates an increased risk of death following radiotherapy, 

whereas a ratio value less than 1 demonstrates a decreased risk of death following radiotherapy.   

3.4.1 Systematic Review of Studies Published Using SEER and SEER-Medicare 

Out of a total of 4,358 articles screened, 67 articles which were published during 1993 to 

2014 were eligible (Figure 3-1).  The distribution of eligible articles by main outcome reported 

varied for the five groups (groups a) – e) described in Section 3.3.1).  28 were full articles and 

used a RT+ vs RT- comparison as a primary result.  Out of these 28 full articles that were eligible, 

10 used overall survival as the main outcome measure, 11 articles presented mortality or 
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incidence of second cancers, and only one analysed heart disease as the main outcome. Only 7 of 

the 67 articles presented the comparison of left-sided and right-sided breast cancer patients.  All 

but one of these 7 articles used a main outcome of heart disease.  20 of the 67 articles were 

conference abstracts, with 18 of these including a comparison of radiotherapy versus not (RT+ vs 

RT-) as a primary result.   These articles are listed in Appendix Tables C-1 to C-3, and summarised 

in Table 3-2.  The studies that presented a RT+ vs RT- comparison varied in the extent to which 

they attempted to control for selection biases and other confounding factors and the extent to 

which they recognised this as a limitation in the interpretation of their findings. 
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Figure 3-1: Diagram of the study selection process for the systematic review of studies that used the SEER 
public-use data set to analyse disease control, toxicity or heart disease and second malignancy associated 
with radiotherapy for breast cancer. 
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 Type of comparison 

Outcome Radiotherapy vs not  
 Left-sided versus  

right-sided breast cancer 

 Primary result Secondary result  Primary or secondary 

    
Overall survival    

Any cause 22 8  0 

     

Breast cancer     

Survival 7 4  1 

Subsequent mastectomy 2 0  0 

     

Cause specific survival    

Any non-breast cancer 2 1  0 

Heart disease 3 0  6 

Hypothyroidism 1 0  0 

     

Second cancers    

Any 12 1  2 

     

Total 
28 articles + 
16 abstracts 

12 articles + 
1 abstract 

 
7 articles 

      
Table 3-2: Summary of review of 67 studies screened from 2,402 articles using SEER data to analyse 
disease control, toxicity, or second malignancy after radiotherapy for breast cancer. 

 

3.4.2 Randomised Trials Results 

The mortality ratios, radiotherapy versus not, calculated using the EBCTCG data, are 

shown in Table 3-3.  There were reductions in both breast cancer mortality and all-cause 

mortality for women randomised to radiotherapy with a rate ratio (RR) of 0.83 (95% CI 0.78-0.89) 

and RR=0.91 (95% CI 0.86-0.96) respectively.  These proportional reductions were similar in 

magnitude in the breast conserving surgery (BCS) and mastectomy groups for both all cause and 

breast cancer mortality.  Considering deaths other than breast cancer, in BCS patients  

RR=1.08 (95% CI 0.96-1.21) and in mastectomy patients RR= 1.17 (95% CI 0.91-1.50).   The 
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number of deaths, women and the log-rank values that were used in this analysis are shown in 

Appendix Table C-4. 

Cause of death 

Ratio of annual death rates, RT versus No RT*   (95% confidence interval) 

Breast 
conserving 

surgery 
(10,801 women  

in 17 trials) 

Mastectomy and 
axillary dissection 

(3,131 node-
positive women 

in 14 trials) 

2p for  
difference† 

All women 
2p for 

effect of 
RT‡ 

      
Breast cancer 0.82  (0.75-0.90) 0.84 (0.76-0.94) 0.75 0.83 (0.78-0.89) <0.0001 

Other causes 1.08  (0.96-1.21) 1.17 (0.91-1.50) 0.55 1.09 (0.99-1.21) 0.09 

All causes 0.92  (0.85-0.99) 0.89 (0.81-0.97) 0.64 0.91 (0.86-0.96) 0.0007 

      
* Stratified by trial, individual year of follow-up, age at randomisation (<40, 40-49, 50-59, 60-69, 70+ years), 

and nodal status (breast conserving surgery: negative/positive, mastectomy: 1-3 positive nodes/4+ 
positive nodes/number of positive nodes unknown). 

† 2-sided significance level for difference between effect of radiotherapy following breast-conserving 
surgery compared to its effect following mastectomy and axillary dissection.  

‡ 2-sided significance level for effect of radiotherapy in all randomised women. 

§ Results for individual causes are not available separately for women receiving breast conserving surgery 
and mastectomy. 

Table 3-3: Randomised evidence: death rate ratios in 13,932 women with early breast cancer randomised 
to receive adjuvant radiotherapy (RT) or not (No RT).  Refer to Appendix Table C-4 for corresponding 
values.  

Considering deaths from causes other than breast cancer, the rate ratios were increased 

in both the breast conserving surgery and the mastectomy groups.  These increases were not 

statistically significant, but additional information on mortality in women randomised to 

radiotherapy compared with women randomised to no radiotherapy was also available for other 

groups of women (Early Breast Cancer Trialists' Collaborative Group 2005).  Information on causes 

of death other than from breast cancer in all trials of radiotherapy versus no radiotherapy in early 

breast cancer are available from an earlier EBCTCG paper and are summarised in Table 3-4.  The 

excess of non-breast-cancer mortality seen in the irradiated patients was largely due to heart 

disease (RR=1.27 95% CI 1.12-1.44) and lung cancer (RR=1.78 95% CI 1.30-2.46).   
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Cause of death 

Ratio of annual death rates, RT versus No RT*   (95% confidence interval) 

Breast 
conserving 

surgery 
(10,801 women  

in 17 trials) 

Mastectomy and 
axillary dissection 

(3,131 node-
positive women 

in 14 trials) 

2p for  
difference† 

All women 
2p for 

effect of 
RT‡ 

      
Lung cancer§ - - - 1.78 (1.30-2.46) 0.0004 

Heart disease  - - - 1.27 (1.12-1.44) 0.0001 

Other specified 
causes                              

- - - 1.00 (0.91-1.11) 0.94 

Unspecified cause, 
not breast cancer       

- - - 1.05 (0.90-1.23) 0.54 

      

* Stratified by trial, individual year of follow-up, age at randomisation (<40, 40-49, 50-59, 60-69, 70+ years), 
and nodal status (breast conserving surgery: negative/positive, mastectomy: 1-3 positive nodes/4+ 
positive nodes/number of positive nodes unknown). 

† 2-sided significance level for difference between effect of radiotherapy following breast-conserving 
surgery compared to its effect following mastectomy and axillary dissection.  

‡ 2-sided significance level for effect of radiotherapy in all randomised women. 

§ Results for individual causes are not available separately for women receiving breast conserving surgery 
and mastectomy.  Estimates for these ratios were obtained from an earlier EBCTCG publication (Early 
Breast Cancer Trialists' Collaborative Group 2005) 

Table 3-4: Randomised evidence: death rate ratios for all causes other than breast cancer in women with 
early breast cancer randomised to receive adjuvant radiotherapy (RT) or not (No RT). 

 

3.4.3 Observational Study Results 

3.4.3.1 Radiotherapy versus Not Comparison   

Using data from the SEER cancer registry (see Appendix Table C-5 for patient 

characteristics) mortality was compared in irradiated and unirradiated women (Table 3-5).  

Among patients who underwent mastectomy, the all-cause mortality ratio was  

1.62 (95% CI 1.60-1.65), compared to a ratio of 0.63 (95% CI 0.62-0.65) among BCS patients  

(2p for difference <0.0001) where the analysis was stratified using patient characteristics (basic 

stratification).  Tumour characteristics were reliably available only for women diagnosed with 

breast cancer in 1990 or later.  When the analysis was repeated using an additional stratification 

taking the tumour characteristics into account, very similar results were obtained  

(BCS RR= 0.63 (95% CI 0.61-0.65) and mastectomy RR=1.62 (95% CI 1.59-1.66)).   
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Breast cancer and other causes of death were also considered separately.  The breast 

cancer mortality ratios estimated using stratification by both patient and treatment 

characteristics were 2.11 (95% CI 2.05-2.17) for mastectomy patients and 0.63 (95% CI 0.61-0.66) 

for BCS patients.  Using both types of stratification there was a highly significant difference by 

surgery type for breast cancer mortality.  Generally, there was highly significant differences 

between the mortality ratios for women give BCS and mastectomy for all outcomes except lung 

cancer.  Focusing on some of the specific causes of death, using the basic stratification only, 

radiotherapy was associated with a 37% increased heart disease mortality risk after mastectomy, 

but a reduction in heart disease mortality after BCS (RR=0.56 95% CI 0.53-0.60).  This pattern was 

mirrored for the outcome of accidents and violence, with mortality ratios of  

1.06 (95% CI 0.90-1.24) and 0.68 (95% CI 0.56-0.82) for mastectomy and BCS, respectively.  The 

numbers and person-years that contributed to this analysis are shown in Appendix Tables C-6 and 

C-7.   
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Certified 
 cause of 

death 

Ratio of annual death rates, RT versus No RT  (95% confidence interval) 

Basic stratification only* 
 Basic stratification and additional 

stratification†, 1990+ 

   
Breast 

conserving 
surgery 

197,727 RT/ 
57,322 No RT‡ 

Mastectomy 
59,249 RT/ 

244,573 No RT 

2p for 
difference 

§ 
 

Breast 
conserving 

surgery 
186,571 RT/ 

54,146 No RT 

Mastectomy 
40,745 RT/ 
151,381 No 

RT 

2p for 
difference 

§ 

         

Breast 
cancer 

0.64  
(0.62, 0.66) 

1.97  
(1.94, 2.01) 

<0.0001  
0.63  

(0.61-0.66) 
2.11  

(2.05-2.17) <0.0001 

Other 
deaths 

0.63   
(0.61-0.65) 

1.21  
(1.18-1.24) 

<0.0001  
0.63  

(0.61-0.66) 
0.98  

(0.93-1.02) <0.0001 

     Lung 
cancer ¶ 

0.86  
(0.75-0.99) 

1.27 
(1.13-1.43) 

<0.0001  
0.84  

(0.72-0.97) 
0.85  

(0.69-1.06) 
0.88 

     Other 
cancers 

0.78  
(0.73-0.84) 

1.29  
(1.22-1.36) 

<0.0001  
0.78  

(0.73-0.85) 
1.26  

(1.15-1.37) 
<0.0001 

     Heart 
disease 

0.56  
(0.53, 0.60) 

1.37  
(1.31, 1.43) 

<0.0001  
0.55  

(0.51-0.59) 
1.01  

(0.92-1.10) 
<0.0001 

     Other 
diseases 

0.59  
(0.56-0.62) 

1.03  
(0.99-1.08) 

<0.0001  
0.59  

(0.56-0.63) 
0.84  

(0.79-0.91) 
<0.0001 

     Accidents 
&    
      violence 

0.68  
(0.56-0.82) 

1.06  
(0.90-1.24) 

<0.0001 
 0.69  

(0.56-0.85) 
1.01  

(0.78-1.29) 
0.03 

All causes 
** 

0.63   
(0.62-0.65) 

1.62  
(1.60-1.65) 

<0.0001  
0.63  

(0.61-0.65) 
1.62  

(1.59-1.66) 
<0.0001 

         

*  Basic stratification: age (<40, 40-44, 45-49, 50-54, 55-59, 60-64, 65-69, 70-74, 75-79 and calendar year 
of cancer diagnosis (1973-77, 1978-82, 1983-87, 1988-92, 1993-97, 1998-02, 2003-08), years since 
cancer diagnosis (0-4, 5-9, 10-14, 15-19, 20+),  race (black, white &  other/unknown).  

†   Additional stratification:   stage (localised/regional), tumour size (T1 (<2cm) / T2 (2-5cm) / T3 (5+cm) / 
unknown), number of involved nodes (exact number of nodes examined by the pathologist that were found 
to be positive (0 / 1-3 / 4-9 / 10+ / unknown or not specified / NA / not stated) and from 2004 use the AJCC 
clinical nodal stage (N0 / N1 (1-3 nodes) / N2 (4-9 nodes) / N3 (10+ nodes) / not applicable / unknown)), 
grade (low/intermediate/high/unknown), estrogen receptor status (positive/negative/unknown), quadrant 
(inner / outer / other), axillary clearance (breast conserving surgery (BCS) with axillary clearance (AC) / BCS 
without AC / mastectomy with AC / mastectomy without AC / other). 
‡   Numbers of women recorded as receiving radiotherapy (RT) or as not receiving radiotherapy (No RT).  
§   2-sided significance level for difference between effect of radiotherapy following breast-conserving 
surgery compared to its effect following mastectomy and axillary dissection.   
¶   Includes only deaths from women with microscopically confirmed lung cancer, identified by cross-
matching of recorded deaths to SEER data file of lung cancer registrations. 
**  Includes deaths with unknown cause.  

Table 3-5: Observational evidence: death rate ratios, radiotherapy versus not, in 558,871 women 
registered with breast cancer in the SEER public-use data set .   
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3.4.3.2 Left-sided versus Right-sided Breast Cancer Mortality Comparison 

For all women combined in the SEER data, the breast cancer mortality ratio, left-sided 

versus right-sided, was 1.01 (95% CI 1.00-1.03), with no difference by surgery type (2p=0.11), see 

Table 3-6.  Neither was there a significant difference in breast cancer mortality by surgery type in 

women recorded as receiving or not receiving radiotherapy.  The proportional effect due to 

laterality for breast cancer mortality was similar in magnitude in the breast conserving surgery 

(BCS) and mastectomy groups.   

Considering causes other than breast cancer in women not recorded as receiving 

radiotherapy, there were no significant differences by surgery type, for either all causes together, 

or for heart disease, lung cancer and all causes except breast cancer, heart disease and lung 

cancer separately.  For women recorded as having received radiotherapy, there were highly 

significant differences by surgery for heart disease and lung cancer specifically.  The mortality 

ratio (left-sided versus right-sided breast cancer) for all causes excluding breast cancer was  

1.08 (95% CI 1.03-1.13) for mastectomy patients and 0.99 (95% CI 0.96-1.03) for BCS patients 

(Table 3-6).   There was a significant 26% left-sided excess of heart disease deaths for mastectomy 

patients, the corresponding mortality ratio for BCS patients was 0.97 (95% CI 0.91-1.04).  

Significant heterogeneity existed between surgery types (2p<0.0001).  The overall lung cancer 

mortality ratio for irradiated women was 1.30 (95% CI 1.16-1.45) using a comparison of ipsilateral 

and contralateral lung cancer.   

There was no evidence of any heterogeneity between surgery types for women recorded 

as not having received radiotherapy, or any evidence of a significant left-sided excess.   
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Extent of surgery  

Certified cause of death 

Breast cancer 
All causes 

except 
 breast cancer  

Heart disease 

All causes 
except 

breast cancer, 
heart disease 

and lung cancer 

Lung cancer* 

Ratio of annual death rates (95% confidence interval) † 

Left-sided versus right-sided 
Ipsilateral vs 
contralateral  

      
  Recorded as receiving radiotherapy  

 BCS 1.04 (1.00-1.08) 0.99 (0.96-1.03) 0.97 (0.91-1.04) 1.00 (0.96-1.04) 1.20 (1.06-1.37) 

 
Mastectomy 1.02 (0.99-1.05) 1.08 (1.03-1.13) 1.26 (1.16-1.36) 1.01 (0.95-1.07) 1.63 (1.31-2.04) 

2p for difference 0.43 0.002 <0.0001 0.74 0.02 
All surgery 

1.03 (1.00-1.05) 1.02 (1.00-1.05) 1.08 (1.03-1.14) 1.01 (0.97-1.03) 1.30 (1.16-1.45) 

      
 Not recorded as receiving radiotherapy  

 
BCS 1.03 (0.97-1.09) 1.01 (0.96-1.07) 1.05 (0.95-1.16) 1.00 (0.94-1.07) 0.95 (0.74-1.22) 

 
Mastectomy 1.01 (0.99-1.03) 1.01 (0.99-1.03) 1.02 (0.99-1.06) 1.01 (0.99-1.03) 0.97 (0.88-1.07) 

2p for difference 0.46 0.93 0.55 0.87 0.87 
All surgery 

1.01 (0.99-1.03) 1.01 (0.99-1.03) 1.02 (0.99, 1.06) 1.01 (0.99, 1.02) 0.97 (0.89-1.06) 

      
  All women   

 
BCS 1.04 (1.00-1.07) 1.00 (0.97-1.03) 1.00 (0.95-1.06) 1.00 (0.97-1.03) 1.06 (0.97-1.15) 

 
Mastectomy 1.01 (0.99-1.02) 1.02 (1.00-1.04) 1.05 (1.02-1.09) 1.01 (0.99-1.03) 1.15 (1.02-1.29) 

2p for difference 0.11 0.17 0.11 0.61 0.26 

All surgery 1.01 (1.00-1.03) 1.02 (1.00-1.03) 1.04 (1.01-1.07) 1.01 (0.99-1.02) 1.09 (1.02-1.14) 

      

*  Includes only deaths from women with microscopically confirmed lung cancer, identified by cross-
matching of recorded deaths to SEER data file of lung cancer registrations. 

† Death rate ratios stratified by: age (<40, 40-44, 45-49, 50-54, 55-59, 60-64, 65-69, 70-74, 75-79 and 

calendar year of cancer diagnosis (1973-77, 1978-82, 1983-87, 1988-92, 1993-97, 1998-02, 2003-08), years 

since cancer diagnosis (0-4, 5-9, 10-14, 15-19, 20+) and race (black, white &  other/unknown). 

Table 3-6: Observational evidence: death rate ratios, left-sided versus right-sided, in 558,871 women 
registered with breast cancer in the SEER public-use data set. 
 

3.5 Discussion  

In this study, mortality outcomes after radiotherapy were investigated using two  

large-scale sources of evidence regarding breast cancer patients, finding strikingly dissimilar 

results between the analysis of data from randomised trials compiled by the EBCTCG  
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meta-analyses and the analysis of observational data in the SEER registries.  The EBCTCG  

meta-analysis, which provides an unconfounded comparison of irradiated and unirradiated 

patients, clearly demonstrated that radiotherapy results in significantly improved overall and 

breast cancer-specific mortality, irrespective of surgery type.  In contrast, analyses of the SEER 

registry data suggested that after breast conserving surgery (BCS) radiotherapy appeared to 

reduce breast cancer mortality but increase it after mastectomy.  Controlling for known 

confounders, namely stage, tumour size, number of involved nodes, axillary clearance, clinical 

nodal stage, grade and ER (estrogen receptor) status had little effect. One specific example was 

that the analyses of SEER suggested that radiotherapy prevented accidental deaths and violence 

after breast conserving surgery, but not after mastectomy.  This is unlikely to be a true 

association, but rather a reflection of the type of woman who is selected to receive radiotherapy. 

It is well-recognised in clinical practice that patients and physicians select treatments very 

carefully.  In the management of breast cancer, guidelines recommend the delivery of adjuvant 

radiotherapy to most patients after BCS.  Even among elderly women, who are now known to 

attain a small absolute benefit from adjuvant radiotherapy following BCS, high rates of receipt 

occur in the U.S, with 76.5% of Medicare beneficiaries receiving radiotherapy as shown in a 

recent study by Soulos and colleagues (Soulos, Yu et al. 2012).The small number of patients who 

did not receive radiotherapy after BCS are likely to have unmeasured comorbidities or other risk 

factors that increased their risk of mortality compared to the majority who receive treatment.  

This may appear to accentuate any beneficial impact of treatment when evaluating associations 

in observational data.  By contrast, following mastectomy, radiotherapy is indicated only for 

patients with adverse disease characteristics, such as nodal involvement (Recht, Edge et al. 2001, 

Early Breast Cancer Trialists' Collaborative Group 2014).   It is important to note that the recent 

meta-analysis by EBCTCG found that radiotherapy reduced both recurrence and breast cancer 

mortality in women with one to three positive lymph nodes (Early Breast Cancer Trialists' 
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Collaborative Group 2014).  This finding will not have influenced the treatment decisions of the 

women in this SEER study population, yet it may have an influence on the selection effects 

present in future observational studies of this type.  This can lead to a spurious underestimation 

of the benefits of radiotherapy (or, as the current findings demonstrate, it may suggest the 

opposite effect from what has been observed in the randomised trials).  Although the general 

nature of this sort of selection bias tends to be well appreciated, the current study provides a 

particularly important demonstration of the dramatically different results that can follow from 

analyses of the randomised trials versus that of data in the SEER registries.  Such selection may 

explain the SEER results shown in Table 3-5 of radiotherapy versus not where it appears that 

radiotherapy doubles the risk of breast cancer mortality after mastectomy, but halves it after 

breast conserving surgery.  This highlights the fact that despite the great awareness amongst 

clinicians of the predictive and prognostic factors for treatment, some of which may be 

confounders, there are many unknown factors that also confound the apparent effect of 

radiotherapy in the observational setting, and these cannot be fully controlled for.  

Misclassification in the recording of radiotherapy may also have contributed to this.  Figure 3-2 

shows the number of women recorded as both receiving radiotherapy and not receiving 

radiotherapy by calendar year of diagnosis.  It demonstrates a clear jump in the number of 

women recorded to have received radiotherapy after the change in the SEER Program Coding and 

Staging Manual in 1998.  Before 1998, adjuvant therapies were only recorded if they were 

administered within four months of the surgery.  This meant that if a poorer prognosis patient 

also received adjuvant chemotherapy, their radiotherapy treatment may have been delayed.  

After 1998, all adjuvant treatment was recorded if it was part of the planned first course of 

treatment.  This suggests that there may have been substantial misclassification. 
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Figure 3-2: Number of women recorded to have received radiotherapy in SEER by calendar year of 
diagnosis. 

Giordano et al previously demonstrated similar concerns using the linked SEER-Medicare 

dataset to evaluate outcomes in prostate and colon cancer (Giordano, Kuo et al. 2008).  Three 

examples were presented which clearly highlighted the problems of treatment selection.  All 

three examples produced improbable results compared to the clinical trial evidence available.  

None of the improbable results were reduced through controlling for known confounders, for 

example comorbidity, or through the use of propensity scores.  The conclusions drawn from these 

results are similar to those in the current work, which harnessed the opportunity to compare 

observational findings to the particularly large dataset of randomised evidence that exists in 

breast cancer thanks to the collaboration of the EBCTCG.  

The systematic review showed there are numerous studies which analysed disease 

control, toxicity, or second malignancy associated with radiotherapy for breast cancer using the 

SEER observational dataset.  More than 80% of the articles used a comparison of irradiated and 

unirradiated women to draw conclusions on overall survival and second malignancy risk 
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associated with radiotherapy. Given the results presented in this chapter, some of these articles 

may be misleading.    

Although randomised controlled trials are the gold standard, several reasons have led 

researchers to consider observational data to investigate certain treatment-related effects 

(Bekelman, Shah et al. 2011).  First, in general, only a limited number of women have been 

randomised to treatments in the setting of controlled trials, resulting in a limited number of 

events available for analysis.  Observational data, particularly SEER, holds information on a large 

number of women.  Therefore, the corresponding large number of events allows analyses that 

may not be possible in randomised controlled trials, specifically investigation of rare events.  SEER 

also lends itself very well to studies of late effects due to the extended follow-up, which is not 

usually feasible in the randomised setting due to cost constraints.  Observational studies allow 

investigation of proven treatment modalities, which would be unethical to randomly withhold 

from a patient.  Finally, women selected for randomised trials tend to be healthy, with less 

comorbidity that the general population.  The SEER data allows investigation of a cohort that 

should be representative of the general population.  These concerns have led researchers to 

complement analyses of efficacy in randomised trials with considerations of comparative 

effectiveness in actual practice (Bekelman, Shah et al. 2011, Korn and Freidlin 2012, Lyman and 

Levine 2012, Meyer, Wheeler et al. 2014).  Still, as the current results show, despite the promise 

of observational analysis, caution must be employed when analysing observational data to ensure 

that biases are adequately recognised and addressed.   A recent review by a panel of experts in 

health services research discussed the use of large scale observational data in radiation oncology 

(Jagsi, Bekelman et al. 2014).  The conclusions drawn regarding the strengths and limitations of 

observational data particularly with regards to determining causality, including the effect of 

patient selection, were complementary to those presented in this chapter. 

 



DPhil Thesis: Katherine E Henson 
Chapter 3: Methodological Discussion  

80 

 
3.5.1 Strengths and Limitations 

Breast cancer studies are in a unique position due to the availability of evidence from the 

EBCTCG who provide a comprehensive, reliable report on all treatment types every five years.  

The main strength of this chapter was the use of a large-scale dataset of high-quality randomised 

evidence as a gold-standard comparator for the observational results.  This demonstrated very 

clearly the issues caused by patient selection and other potential sources of confounding, along 

with the potential magnitude of this problem, even after controlling for measured confounding 

factors present in the SEER data.  

This chapter also has potential limitations.  The SEER registry data alone was used as the 

source of observational data.  SEER data have a number of limitations that make it particularly 

difficult to control for selection bias and other sources of confounding, including lack of detailed 

treatment information; lack of information on comorbidities and socio-economic measures; 

problems in death ascertainment (Devis and Rooney 1999) and under-ascertainment of 

treatment (Malin, Kahn et al. 2002, Yu, Gross et al. 2009, Jagsi, Abrahamse et al. 2010, Jagsi, 

Abrahamse et al. 2012, Walker, Giordano et al. 2013).  Other registries may contain more robust 

information on confounding factors not measured in SEER and more accurate and detailed 

information on treatment receipt.  Studies using those observational datasets may be able to 

reduce the effects of selection biases observed in the current study.  Still, as noted above, these 

findings are very similar to those of Giordano et al. who considered the more detailed 

information available in the linked SEER-Medicare dataset.  This suggests that caution is 

appropriate even when a greater array of potential confounding factors have been measured and 

included in analysis.   

3.6 Conclusions  

Three main conclusions can be drawn from this study.  Firstly, when investigating 

mortality from the original cancer, and its association with treatment, evidence from randomised 
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trials should always be used where available.  Secondly, when analysing treatment-related 

toxicities, selection biases can be problematic.  For some endpoints, alternative comparisons exist 

and could be employed when using SEER registry data, for example a comparison of heart disease 

outcomes in women irradiated for left- versus right-sided breast cancer.  Wherever possible, such 

creative approaches to address the inherent limitations of observational analyses are critical to 

consider.  Finally, when evaluating rare late effects for which sufficient randomised evidence does 

not exist and for which alternative non-confounded comparisons are impossible, analyses that 

compare treated and untreated patients and where selection biases are likely to exist must be 

interpreted with considerable caution.   Manuscripts reporting such analyses should consider and 

discuss the direction and size of the effect of these biases.   

Awareness of the selection effects and the corresponding spurious results informed the 

choice of analysis methods for the following chapters.  The laterality comparison was used 

throughout the analyses of the COBS cohort, using a comparison of left-sided and right-sided 

breast cancer patients for the study of heart disease, and ipsilateral and contralateral lung cancer.  

During treatment for cancer diagnosed in teenagers and young adults, physicians tend not to 

select patients for treatment as they give patients the maximum treatment possible.  Due to the 

young age of the patients, the benefits of treatment far outweigh the risk of late  

treatment-related toxicities.  Therefore, selection effects were less problematic in the TYACSS 

cohort than in the breast cancer cohort, but they were still considered prior to the analyses. 
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4.1 Introduction 

Radiotherapy can reduce the risk of breast cancer recurrence and of death from  

breast cancer, but it often involves some incidental irradiation of the heart.  Long-term follow-up 

of trials in which women with early stage breast cancer were randomised to either radiotherapy 

or the same surgery but not radiotherapy has shown that radiotherapy can increase the risk of 

death from heart disease (Cuzick, Stewart et al. 1994, Early Breast Cancer Trialists' Collaborative 

Group 2005), thereby reducing the extent to which overall survival is improved by radiotherapy 

and reducing the quality of life for some breast cancer survivors.  A number of observational 

cohort studies have also demonstrated that this incidental irradiation resulted in an increased risk 

of heart disease (Darby, McGale et al. 2005, McGale, Darby et al. 2011, Darby, Ewertz et al. 2013, 

Henson, McGale et al. 2013).  As discussed in the previous chapter, randomised evidence is taken 

to be the gold standard, as associations between treatment and outcomes are more likely to 

reflect true causation when treatment is allocated at random.  However, only a limited number of 

women were randomised into trials of radiotherapy versus not, and most used treatment 

regimens are now outdated.  This, alongside the need to study heart disease risk in all patients 

with breast cancer rather than those selected for trial entry has increasingly led researchers to 

use population-based observational cohorts to explore radiation-related late effects of treatment 

to complement the randomised evidence (Jagsi, Bekelman et al. 2014).   

Due to the selection biases, and other biases that cannot be controlled (Chapter 3) 

observational epidemiological studies comparing the risk of heart disease in breast cancer 

patients who have received different treatments cannot usually be relied on to provide valid 

estimates of the effect of different treatments on the heart.   However, for the particular case of 

breast cancer, the opportunity to make valid inferences arose because the positioning of the 

heart means that it usually receives a higher radiation dose from treatment for left-sided breast 

cancer than for right-sided breast cancer.  Up until recently, the laterality of breast cancer has 



DPhil Thesis: Katherine E Henson 
Chapter 4: Cardiac Mortality Risk Following Breast Cancer Radiotherapy  

84 

 
had little influence in selecting who should receive radiotherapy (Vandenbroucke 2004).  A 

systematic review of studies published during 2003 to 2013 (Dr Carolyn Taylor provisional work, 

personal communication, November 2014) demonstrated that the mean heart dose received was 

4.8 Gy in women treated for left-sided breast cancer, and 1.6 Gy for right-sided radiotherapy.   

This suggests that, despite improving treatment techniques, a substantial difference in mean 

heart dose by breast cancer laterality remains.  Thus, a comparison of mortality from heart 

disease in irradiated woman with left-sided and right-sided breast cancer is an effective way of 

investigating the risk of heart disease associated with radiotherapy for women treated.   

Comparisons of cardiac incidence and mortality in women who have been irradiated for 

left-sided and right-sided breast cancer have produced results that are consistent with the 

randomised trials and have provided insight into radiation-related cardiac risks following breast 

cancer radiotherapy.  The mortality risk of radiation-related heart disease has been investigated 

using a laterality comparison in 16 observational studies (summarised in Table 1-2 of Chapter 1).  

The largest study used information recorded on 558,871 women in the SEER public-use dataset, 

USA, and found a significant 8% left-sided excess among irradiated women (Henson, McGale et al. 

2013).  However, only the risk of all heart disease combined (as opposed to specific cardiac 

diagnoses) can be investigated in SEER as data are not available for specific ICD-codes.  All studies, 

except one (Bouchardy, Rapiti et al. 2009), found an increased risk of heart disease mortality 

among women treated for left-sided breast cancer, compared to right-sided.  Each of these 

relevant studies used data from a single source, and some studies had a modest population size, 

thus the radiation-related heart disease risk has yet to be investigated on a ‘big data’ scale, 

particularly combining data from multiple sources and countries.  In addition, there is only limited 

data at present regarding factors, other than the cardiac radiation dose (Darby, Ewertz et al. 

2013), which influence the risk of radiation-related heart disease.  Individual patient information 
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was, therefore, collated from cancer registries round the world to provide further insight on this 

issue. 

4.2 Aim 

This study aimed to characterise the long-term cardiac mortality risk associated with 

radiotherapy for breast cancer, in the largest, as yet, collaborative population-based cohort of 22 

countries worldwide.  It also aimed to investigate the variation in radiation-related risk by key 

patient, tumour and treatment characteristics. 

4.3 Results  

4.3.1 Characteristics of study population  

A total of 1,934,248 women from 57 cancer registries in 22 countries were included in 

this study contributing 14,853,410 person-years during 1935-2008 (Table 4-1).  The percentage of 

women recorded as receiving radiotherapy was slightly smaller for women with left-sided cancer 

than for women with right-sided cancer (52.6 per cent left-sided versus 52.8 per cent right-sided, 

2p for difference: 0.003).  For other factors the percentage of women recorded as receiving 

radiotherapy varied, sometimes substantially — for example over 70 per cent of women who had 

breast-conserving surgery (BCS) had radiotherapy compared with less than 30 per cent of women 

who had mastectomy.  Despite this, similar proportions of women with left-sided and right-sided 

breast cancer were recorded as receiving radiotherapy (50% for both left- and right-sided).  This 

was consistent for all categories of the patient characteristics suggesting that breast cancer 

laterality did not influence the decision to irradiate a patient.  A total of 55,264 deaths from heart 

disease was reported.   
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 Number of  
women 

Percentage recorded 
as irradiated 

Number of  
cardiac deaths 

 Left- 
sided 

Right-
sided 

Left- 
sided 

Right- 
sided 

Left- 
sided 

Right-
sided 

      
Calendar year of diagnosis      
< 1960 16,297 15,067 47.5 47.4 1,791 1,571 
1960 - 69 31,744 29,554 60.6 60.3 1,856 1,588 
1970 - 79 86,778 80,753 50.2 50.2 5,729 5,071 
1980 - 89 176,543 164,497 46.7 46.8 8,774 7,732 
1990 - 99 317,616 298,183 53.0 53.1 8,070 7,602 
2000+ 367,307 349,909 55.1 55.5 2,839 2,641 
      
Age at diagnosis (years)      
< 40 67,579 66,078 55.1 55.4 355 277 
40 - 49 204,149 195,363 55.6 55.5 1,954 1,720 
50 - 59 267,957 252,008 56.0 56.2 4,674 3,949 
60 - 69 261,607 244,036 53.1 53.3 9,688 8,976 
70 - 79 194,991 180,476 43.0 43.3 12,388 11,283 
      
Stage       
DCIS * 67,950 63,824 38.1 38.3 1,122 1,016 
Local 378,266 360,074 50.0 50.4 12,867 11,758 
Regional 244,231 229,963 54.6 54.6 7,245 6,539 
Metastatic 42,946 39,771 48.1 47.9 742 669 
Unknown 158,487 147,148 50.8 51.1 3,146 2,840 
Not recorded† 104,405 97,183 70.8 71.1 3,937 3,383 
      
Surgery       
BCS ‡   262,831 252,280 72.8 73.0 4,949 4,688 
Mastectomy 249,487 236,322 26.9 27.1 8,884 8,158 
None 27,895 25,489 38.1 38.5 551 496 
Unknown 371,511 344,979 52.1 52.2 11,272 9,871 
Not recorded † 84,561 78,893 72.0 72.2 3,403 2,992 
      
Chemotherapy       
Yes 115,195 107,882 63.8 63.9 699 669 
No 355,681 329,821 52.7 53.1 9,796 8,740 
Unknown 509,216 485,000 49.3 49.5 18,344 16,617 
Not recorded † 16,193 15,260 72.2 72.0 220 179 
      
Hormonal therapy      
Yes 164,624 152,995 62.8 63.2 2,960 2,683 
No 289,196 268,949 50.7 51.1 7,466 6,690 
Unknown 534,290 508,712 50.1 50.3 18,475 16,713 
Not recorded † 8,175 7,307 69.5 69.4 158 119 
    table cont. on next page 

 * Ductal carcinoma in situ  
+   

Data not provided by registry, including the period before common use of therapy. 
‡ 

Breast-conserving surgery 
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Table continued 

 Number of  
women 

Percentage recorded 
as irradiated 

Number of  
cardiac deaths 

 Left- 
sided 

Right-
sided 

Left- 
sided 

Right- 
sided 

Left- 
sided 

Right-
sided 

       
Race/ethnicity       
White 469,630 446,365 47.6 47.9 17,332 15,804 
Black 34,502 32,348 43.0 42.9 1,428 1,262 
Asian/Pacific 29,906 28,628 45.3 45.9 492 517 
Other 3,451 3,354 42.8 45.3 144 100 
Unknown 137,995 128,460 52.4 52.5 2,308 2,073 
Not recorded † 320,801 298,808 61.7 62.0 7,355 6,449 
      
Region       
Europe: Britain & Ireland      
  UK                     178,307 165,677 54.3 54.5 3,286 2,899 
  Ireland     7,078 6,516 44.8 45.2 53 61 
Europe: Nordic countries      
  Denmark            52,642 49,238 58.2 58.5 3,006 2,672 
  Finland             39,553 36,641 60.2 60.2 2,835 2,475 
  Norway            10,402 9,908 47.1 47.9 98 89 
  Sweden            24,831 23,229 59.0 59.8 889 864 
Europe: Other countries      
  Austria             6,050 5,558 58.3 56.8 117 106 
  Estonia             5,794 5,249 44.3 45.6 376 346 
  France              3,102 2,915 74.0 74.6 108 84 
  Germany          123,000 113,846 56.7 56.9 1,209 1,074 
  Italy                  20,140 19,564 52.8 52.7 293 262 
  Lithuania         5,560 5,252 43.5 44.7 97 95 
  Netherlands     13,330 12,090 71.0 71.1 119 116 
  Slovakia           14,836 13,303 64.9 65.3 41 32 
  Slovenia           4,518 4,345 41.8 42.9 77 58 
  Spain                3,061 2,794 80.0 80.6 25 32 
  Switzerland     3,618 3,358 49.2 50.4 59 46 
North America      
  Canada             54,526 51,585 80.1 80.4 1,213 1,098 
  USA                   397,624 380,424 43.8 44.2 14,594 13,335 
Other regions      
  Australia          24,340 22,653 57.1 57.9 460 385 
  Israel                2,476 2,351 31.6 30.6 60 48 
  Japan                1,497 1,467 37.7 37.5 44 28 
      

Total 996,285 937,963 52.6 52.8 29,059 26,205 
* Ductal carcinoma in situ  
+   

Data not provided by registry, including the period before common use of therapy. 
‡ 

Breast-conserving surgery 

Table 4-1: Patient characteristics of cardiac mortality study by laterality of the breast cancer (left- or 
right-sided). 
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4.3.2 Cardiac mortality by radiotherapy use 

Mortality ratios were initially estimated using a comparison of radiotherapy versus no 

radiotherapy, as a check following the findings of Chapter 3 (Figure 4-1).  For all women 

combined, the heart disease death rate was similar in irradiated and unirradiated women 

(mortality ratio, radiotherapy versus not: 0.99 95% CI 0.97-1.01).     This ratio differed 

substantially between women who were given breast-conserving surgery (BCS) and women who 

were given mastectomy (2p for difference < 0.0001).  Specifically, the overall value included a 

substantial deficit in cardiac mortality among women given BCS and radiotherapy compared with 

women given BCS without radiotherapy, and a substantial excess among women given  

post-mastectomy radiotherapy compared with women given mastectomy but not radiotherapy  

(BCS: 0.70 95% CI 0.67-0.73; mastectomy: 1.24 95% CI 1.19-1.30, 2p for difference: 0.0003).  The 

difference was present both overall and for the Nordic countries, Britain and Ireland, other 

European countries, Canada, and the United States when these areas were considered separately 

(see Figure 4-2). 

 

Figure 4-1: Cardiac mortality in women who were recorded as receiving radiotherapy (RT+) versus 
women who were not recorded as receiving radiotherapy (RT-) subdivided by surgery type.   
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Figure 4-2: Cardiac mortality in women who were recorded as receiving radiotherapy (RT+) versus 
women who were not recorded as receiving radiotherapy (RT-) subdivided by geographic region and 
surgery type. 
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4.3.3 Cardiac mortality by breast cancer laterality 

When all women were considered together, heart disease mortality was higher in women 

with left-sided cancer than in women with right-sided cancer (rate ratio, left versus right:  

1.04 95% CI 1.02-1.06, 2<0.0001, Figure 4-3).  The rate ratios, left versus right, did not differ 

significantly between all women given BCS and all women given mastectomy  

(1.00 95% CI 0.96-1.04 and 1.02 95% CI 0.99-1.05, 2p for difference 0.50).  Note that the surgery 

type was unknown or no surgery was performed for 52% of the women who died from heart 

disease.  Neither was the difference between women given BCS and women given mastectomy 

significant when women who were recorded as receiving radiotherapy and those who were not 

were considered separately (2p for difference: 0.14 and 0.79 respectively, see Figure 4-3).  This 

held true for all of the geographical regions (see Appendix Figure D-1).   

For women not recorded as receiving radiotherapy, there was no excess mortality from 

heart disease following treatment for left-sided breast cancer.  However, the cardiac mortality 

ratio (left-sided versus right-sided breast cancer) for women recorded as receiving radiotherapy 

was 1.07 (95% CI 1.04-1.14).  This means that there was a significant 7% increase in the mortality 

rate from all types of heart disease combined following left-sided breast cancer as compared to 

right-sided breast cancer.  There was a significant difference between the mortality ratio among 

irradiated and unirradiated women (2p=0.003), suggesting a radiation-related effect. 
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Figure 4-3: Cardiac mortality in women with left-sided breast cancer versus women with right-sided 
breast cancer subdivided by type of surgery and whether or not the woman was recorded as receiving 
radiotherapy. 

4.3.4 Mortality from different types of heart disease  

Among irradiated women, there were significant left-sided excesses when ischaemic and 

other heart disease deaths were analysed separately.   The mortality ratios, left versus right, for 

ischaemic heart disease deaths and other heart disease deaths were 1.09 (95% CI 1.05-1.13) and 

1.06 (95% CI 1.02-1.10), respectively (Figure 4-4).   When specific types of heart disease other 

than ischaemic heart disease were considered, there was a significant left-sided excess of deaths 

due to non-rheumatic valvular disease (1.19 95% CI 1.00-1.40) and a left-sided excess also existed 

for arrhythmia (1.08 95% CI 0.94-1.24), heart failure (1.06 95% CI 0.97-1.16) and pericardial 

disease (1.19, 95% 0.65-2.16). 
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Figure 4-4: Cardiac mortality in irradiated women with left-sided breast cancer versus women with  
right-sided breast cancer subdivided by type of heart disease. 

4.3.5 Variation between different geographical regions 

When the registries were grouped into 6 geographical regions, the cardiac mortality 

ratios, left versus right, for irradiated women were similar across all regions (Britain & Ireland: 

1.11, Nordic countries: 1.06, Other European countries: 1.08, North America: 1.06, Other regions: 

1.06, 2p for heterogeneity: 0.86, Figure 4-5).  When the registries were grouped into individual 

countries, more variability existed between the rate ratios, as expected, but there was no 

significant heterogeneity between countries within any of the regions, or between all countries 

considered together (2p for heterogeneity between 22 countries: 0.72). When deaths attributed 

to ischaemic heart disease and to other types of heart disease were considered separately 

patterns were similar (see Appendix Figure D-2). 
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Figure 4-5: Cardiac mortality in irradiated women with left-sided breast cancer versus irradiated women 
with right-sided breast cancer subdivided by country. 

4.3.6 Variation across age at cancer diagnosis by laterality in women given radiotherapy 

There was a highly significant decreasing trend (2p<0.0001) with increasing age at cancer 

diagnosis in the cardiac mortality ratios.  The cardiac mortality ratio, left-sided versus right-sided, 

was 1.37 (95% CI 1.10-1.70), 1.16 (95% CI 1.06-1.27), 1.20 (95% CI 1.13-1.28),  
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1.05 (95% CI 1.00-1.10) and 1.01 (95% CI 0.97-1.06), respectively, for ages <40, 40-49, 50-59,  

60-69 and 70-79 years at breast cancer diagnosis (Figure 4-6).  This was strong evidence that the 

proportional left-sided cardiac mortality excess was higher in women who were younger when 

they were diagnosed with breast cancer.   

 

Figure 4-6: Cardiac mortality in irradiated women with left-sided breast cancer versus irradiated women 
with right-sided breast cancer subdivided by age at breast cancer diagnosis. 

The proportional mortality risk for ischaemic heart disease and other types of heart 

disease was also greater for younger women (Figure 4-7).  In addition, a significant trend of 

decreasing mortality ratio with increasing age at cancer diagnosis was shown for ischaemic heart 

disease (2p trend: 0.002) but not, all other heart disease (2p trend: 0.42).  
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Figure 4-7: Mortality from ischaemic heart disease and other types of heart disease in irradiated women 
with left-sided breast cancer versus irradiated women with right-sided breast cancer subdivided by age 
at breast cancer diagnosis.   

The variation in the absolute risk of radiation-related cardiac mortality by age at cancer 

diagnosis was also investigated using cumulative mortality up to age 80 (Figure 4-8).  The 

reference population used to represent the irradiated right-sided breast cancer was the most 

recent values available at analysis (2010) in the mortality tables for the 15 westernmost countries 

of the European Union.  The death counts were obtained from WHO8 and the population counts 

from the UN9
.  Using these counts, the cumulative mortality was calculated as described by Darby 

and colleagues and assumed to represent the women diagnosed with right-sided breast cancer 

(referred to as the reference population from now on) (Darby, Ewertz et al. 2013).  The rate ratios 

for each age group of cancer diagnosis were applied to the cumulative mortality of the reference 

population, taking into account the variation with time since diagnosis.  At all ages of cancer 

diagnosis, the cumulative mortality was low for the first ten years, then increased gradually up 

until approximately age 70, after which it increased sharply.  The greatest absolute difference 

between left-sided and right-sided patients in cumulative mortality at all ages occurred in women 

diagnosed aged 35.  Considering the irradiated left-sided breast cancer patients diagnosed aged 

35, 5.4% of population had died of heart disease by age 80, compared to 4.4% of right-sided 

patients.  The absolute difference in cumulative risk by laterality was smaller for women 

                                                           
8
 http://www.who.int/healthinfo/morttables/en/ 

9
 http://esa.un.org/unpd/wpp/Excel-Data/population.htm 

http://www.who.int/healthinfo/morttables/en/
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diagnosed at older ages, but the cumulative mortality reached 5% for women diagnosed with  

left-sided breast cancer aged 45 and 55 years.  See Appendix D for values used for this graph. 

 

Figure 4-8: Cumulative mortality of all heart disease combined in irradiated women subdivided by age of 
cancer diagnosis. 

4.3.7 Variation with calendar period of diagnosis and years since radiotherapy by laterality in 

women given radiotherapy 

A decreasing trend in the cardiac mortality ratio, left-sided versus right-sided, by calendar 

year of cancer diagnosis (2p<0.0001) was found among irradiated women (Figure 4-9).  Also, 

there were significant trends with increasing time since breast cancer diagnosis in the mortality 

ratios, left versus right, for all heart disease.   The left-sided excess for all types of heart disease 

combined was still present at 25+ years (1.21 95% CI 1.10-1.33).  



DPhil Thesis: Katherine E Henson 
Chapter 4: Cardiac Mortality Risk Following Breast Cancer Radiotherapy  

97 

 

 

Figure 4-9: Cardiac mortality in irradiated women with left-sided cancer versus irradiated women with 
right-sided breast cancer subdivided by years since breast cancer diagnosis, age at breast cancer 
diagnosis and calendar year of breast cancer diagnosis.  

4.3.8 Interaction with chemotherapy and hormonal therapy  

Information on whether chemotherapy and hormonal therapy were used, and on stage of 

breast cancer, type of surgery, and race was available for some registries.  However, for some 

registries it was available only for recent years, and for others it was not available at all.  Rate 

ratios for irradiated women with left-sided versus right-sided breast cancer were calculated 

separately according to different levels of these factors using the information available.  There 

was no significant difference in the cardiac mortality ratio, left versus right, according to whether 

or not chemotherapy or hormonal therapy was used and no significant heterogeneity according 

to stage of breast cancer, type of surgery or race (Figure 4-10).   
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Figure 4-10: Cardiac mortality in irradiated women with left-sided breast cancer versus irradiated women 
with right-sided breast subdivided by various treatment and tumour factors. 

4.3.9 Investigation of possible confounding and subdivision by age groups  

Survivors of breast cancer who were younger when they are diagnosed with cancer are 

likely to live longer than women who were older.  Therefore, there may be some confounding 

between age at cancer diagnosis and years since cancer diagnosis in Figure 4-6.  However, when 
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age at cancer diagnosis was adjusted for the effect of time since cancer diagnosis (as well as 

calendar year and country see Figure 4-11), strong evidence of a trend remained (2p for trend: 

0.005).  In contrast, when time since cancer diagnosis was corrected for the effect of age at 

cancer diagnosis (and calendar year and country), the trend with time since cancer diagnosis was 

no longer significant (2p for trend: 0.15).   

 

Figure 4-11: Cardiac mortality in irradiated women with left-sided cancer versus irradiated women with 
right-sided breast cancer subdivided by years since breast cancer diagnosis, age at breast cancer 
diagnosis and calendar year of breast cancer diagnosis calculated using both the univariable model, and 
the model with additional adjustment for confounding. 

In order to fully understand the results by age at cancer diagnosis, separate analyses were 

run subdivided by age at cancer diagnosis: by women who were aged <60 and 60+ years at cancer 

diagnosis (Figure 4-12).  Among irradiated women who were aged <60 when diagnosed with 

cancer, the mortality ratio, left versus right, for all time-periods considered together was  

1.19 (95% CI 1.13-1.25, 2p<0.0001) and a significant increasing trend with time since cancer 

diagnosis existed (2p:0.001), with mortality ratios taking values 1.00, 1.16 and 1.27 in periods 0-4, 

5-14, and 15+.  In addition there was little evidence that the mortality ratios, left versus right, 
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were lower in more recent years among women diagnosed with cancer at ages <60 (1.19, 1.22, 

and 1.14 for women diagnosed <1970, 1970-89, and 1990+, 2p trend: 0.65).   

 

Figure 4-12: Cardiac mortality in irradiated women with left-sided breast cancer versus irradiated women 
with right-sided breast cancer subdivided by age at cancer diagnosis (<60, 60+ years) and various factors. 

The cardiac mortality ratio, left-sided versus right-sided, was higher for women who had 

chemotherapy as well as radiotherapy (1.43 95% CI 1.14-1.79), compared to those with 

radiotherapy but no chemotherapy (1.18 95% CI1.09 1.28) among women aged <60 years 

although the difference did not reach statistical significance (2p=0.12).  There were no significant 

differences according to use of hormonal therapy (2p for difference: 0.10), stage of cancer (2p for 

difference: 0.09), or type of surgery (2p: for difference: 0.29).  These findings were confirmed by a 

model including adjustment for confounding, see Appendix Table D-1.   
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For women diagnosed with breast cancer when aged 60+ years and recorded to have 

received radiotherapy, the overall mortality ratio, left versus right, was  

1.03 (95% CI 1.00-1.06, 2p: 0.05) and it was lower for women who had been diagnosed with 

cancer more recently (2p trend: 0.002).  There was little evidence of any left-sided increase for 

women diagnosed with cancer in the most recent calendar period (0.95 95% CI 0.91-1.00) and 

there were no significant differences, trends or heterogeneity with any other factors. 

4.4 Discussion 

4.4.1 Overall findings 

Randomised trials have clearly shown that radiotherapy for early breast cancer resulted 

in an increased risk of heart disease.  However, this has yet to be investigated in an observational 

cohort on the same scale as the COBS cohort presented in this thesis.  Thus, this study presents 

results from the largest cohort of breast cancer survivors to date, in terms of survivors,  

person-years and cardiac deaths.   The most striking finding, which has not yet been 

demonstrated so clearly, is that of the trend with age at cancer diagnosis, with larger increases 

for women aged <60 years at cancer diagnosis.  This will be thoroughly discussed in Section 4.4.2.  

Among irradiated women the mortality ratio, left-sided versus right-sided, for all heart diseases 

combined was estimated to be 1.07 (95% CI 1.04-1.10, 2p<0.0001).  There was significant 

heterogeneity between the irradiated and unirradiated group, suggesting that the excess of 

cardiac mortality in these breast cancer survivors is a radiation-related effect.  This supports 

previous observational studies that have demonstrated a radiation-related risk of mortality from 

heart disease in women treated for left-sided breast cancer (Nixon, Manola et al. 1998, Darby, 

McGale et al. 2005, Harris, Correa et al. 2006, Marhin, Wai et al. 2007, Gutt, Correa et al. 2008, 

Bouchardy, Rapiti et al. 2009, Bouillon, Haddy et al. 2011, Henson, McGale et al. 2013).  These 

studies found left-sided excesses in the range 3% to 67%, and the variation in estimates can be 

largely attributed to differences in study population, for example country of treatment, calendar 
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period, number of women included in the study and average follow-up.  One Swiss study of  

node-negative breast cancer patients with a modest follow-up (average of 7.7 years) 

demonstrated a non-significant right-sided excess, but the population-size was modest resulting 

in wide confidence intervals (Bouchardy, Rapiti et al. 2009).  The authors suggested that shielding 

of the heart during treatment for left-sided breast, and the resulting reduced mean heart dose, 

may have contributed to the weakened association between laterality and cardiovascular 

mortality.  However, it is also likely due to the low numbers of events combined with limited 

follow-up, and little emphasis should be placed on it.  Therefore, the left-sided excess for all heart 

disease combined found in this study is consistent with the published literature.   

No significant heterogeneity was present across either countries or continents of cancer 

diagnosis.  This suggests that the radiation-related risk of heart disease among breast cancer 

survivors is relevant for all countries worldwide, and not only limited to a few countries.  

Consideration of this risk during treatment planning and patient follow-up is necessary 

everywhere.  

The excess of cardiac mortality was largely due to deaths from ischaemic heart disease 

(IHD), which accounted for 60% of the total cardiac deaths among irradiated women.  IHD was 

the main cardiac subgroup with a significant left-sided excess of 9%.  A significant left-sided 

excess among irradiated women was also demonstrated for death from non-rheumatic valvular 

disease, with an estimate of 1.19 (95% CI 1.00-1.40).  No study, as yet, has shown an excess of 

radiation-related non-rheumatic valvular disease mortality.  All other cardiac groups – congestive 

heart failure, valvular disease, arrhythmia, pericardial disease and other cardiac diseases – had a 

left-sided excess of deaths, yet none of them reached statistical significance.  The nature of this 

large cohort allowed estimation of stable proportional estimates, allowing subdivision into 

specific causes of cardiac mortality.  A number of studies have demonstrated significantly 

increased radiation-related mortality from specific cardiac diagnoses, namely fatal myocardial 
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infarction and ischaemic heart disease, using a comparison of left-sided and right-sided breast 

cancer patients (Rutqvist and Johansson 1990, Paszat, Mackillop et al. 1998, Paszat, Mackillop et 

al. 1999, Darby, McGale et al. 2003, Darby, McGale et al. 2005, Giordano, Kuo et al. 2005, Borger, 

Hooning et al. 2007, Paszat, Vallis et al. 2007).  The range of mortality ratios were 1.06 to 1.99 

and 1.07 to 2.10 for IHD and fatal MI, respectively.  The largest cohort to investigate mortality 

was based on 27,283 women recorded by the SEER program in the USA during 1973-1989, with a 

mortality ratio of 1.16 (95% CI 1.07-1.26) (Giordano, Kuo et al. 2005).  This is very similar to the 

results presented in this study, yet there was only 9.5 years of follow-up.   

4.4.2 Heart disease mortality by age of cancer diagnosis  

No study has yet demonstrated so clearly the association between cardiac mortality ratio 

and age at cancer diagnosis.  This association with age at cancer diagnosis was present when all 

heart disease was combined, and also for ischaemic heart disease.    Alongside the highly 

significant trend with age, it was also demonstrated that for all factors under consideration (years 

since diagnosis, calendar year, chemotherapy, hormonal therapy, stage, surgery and race) a  

left-sided excess was present at all levels for women diagnosed before age 60.  In contrast, 

among women diagnosed with cancer after age 60, there was no overall left-sided excess nor 

variation with the factors listed above.  This suggested that the association suggested between 

radiotherapy and subsequent heart disease is mainly among younger women.  This finding did not 

appear to be confounded by length of follow-up, as demonstrated in the Appendix.   

The only study to investigate the trend in mortality ratios with age in 10-year groups was 

an analysis of the SEER registry, which found a non-significant trend in heart disease mortality 

ratios (p=0.40) (Darby, McGale et al. 2005).  The proportional risk was greatest in women treated 

for breast cancer aged 20-49 years, with a significant 54% left-sided excess, and a 28%  

non-significant left-sided excess in women irradiated age 70-79 years.  The association between 

age at cancer diagnosis and radiation-related heart disease has been presented in a number of 
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other studies, two of which found no significant trend with age (Vallis, Pintilie et al. 2002, 

Bouillon, Haddy et al. 2011).  Three other studies used the subdivision of <60 years with 60+ years 

(Paszat, Mackillop et al. 1999, Marhin, Wai et al. 2007, Paszat, Vallis et al. 2007).   All three studies 

found an increased risk of cardiac mortality in women treated at ages 60+, which was not seen in 

women treated before the age of 60.  The two studies by Paszat et al found a significantly 

increased risk in the older women, yet the cardiac endpoint studies was fatal acute MI.  This was 

in contrast to the results of this COBS study.  As an additional check, an analysis of MI deaths 

produced mortality ratios, left-sided versus right-sided, of 1.25 (95% CI 1.14-1.37, 2p<0.0001) and 

1.11 (95% CI 1.04-1.18, 2p=0.0007) for ages <60 years and 60+ years, respectively (data not 

shown).  The reason for these conflicting results with respect to the <60 and 60+ mortality ratios 

is not clear.  It may be due to the increasing use of cardiotoxic anthracyclines in younger women 

in recent years, which may be interacting with radiotherapy (see next section).  More broadly, it 

may also be due to, for example, the treatment regimens received by the patients, or the general 

health and lifestyles of the women included (namely the prevalence of traditional cardiovascular 

risk factors).  However, as none of this information was available for this study, or the three 

published studies, it was impossible to check whether any of these factors varied by laterality and 

would therefore influence the results.  These factors would only be problematic in these analyses 

if the distribution varied in left-sided and right-sided women, therefore confounding the laterality 

comparison.   

4.4.3 Risk of heart disease mortality in relation to chemotherapy 

No study has yet investigated the association between radiotherapy and chemotherapy in 

an observational cohort of breast cancer survivors using a laterality comparison.  In the COBS 

cohort, there was information on chemotherapy receipt for 47% of the cohort.  Among women 

recorded to have recorded radiotherapy and chemotherapy, there was a significant left-sided 

17% excess.  In comparison, women only recorded to have radiotherapy had a significant 6%  
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left-sided excess.  This difference was not significant, yet among women diagnosed with breast 

cancer before age 60, the difference was starker, with 43% left-sided excess among women who 

received both treatments, and 18% for women who received radiotherapy only.  Despite these 

findings not reaching statistical significance, this may be suggestive that there may be an 

association or interaction between the two types of treatment, particularly in younger women.  

This was in agreement with the published literature, which stated that the mechanisms of 

radiation and chemotherapy induced damage are very different (Shapiro and Recht 2001, Bovelli, 

Plataniotis et al. 2010, Cutter, Taylor et al. 2010) suggesting that the two treatments may be 

additive in terms of cardiac mortality risk.  One study has used a laterality comparison to 

investigate the association between chemotherapy and radiation-related heart disease, but found 

no impact of chemotherapy on cardiovascular mortality after adjusting for radiotherapy (Bouillon, 

Haddy et al. 2011).  However, meta-analyses of randomised trials have demonstrated that 

chemotherapy increases the risk of heart disease, with a rate ratio of polychemotherapy versus 

not of 1.21 (95% CI 0.93-1.59, p=0.16) for all heart disease (Early Breast Cancer Trialists' 

Collaborative Group 2005), which would suggest that an association between the two treatment 

types in terms of cardiac risk would be likely.  Further research is needed on the risk associated 

with the suggested interaction between chemotherapy and radiotherapy.  Any particular increase 

among a certain age group may provide evidence towards increased monitoring and surveillance 

over a long-term period after their cancer diagnosis in that population. 

4.4.4 Absolute burden of cardiac mortality in the study population  

The focus so far has been on relative measures of mortality risk, using a comparison of 

left-sided and right-sided breast cancer patients.  However, it is important to put the relative risk 

in context using absolute measures.  This was achieved through cumulative mortality measures, 

which demonstrated that the cumulative absolute risk of death from heart disease over the entire 

follow-up period was less than 5.5% for left-sided patients, and less than 4.5% for right-sided 
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breast cancer patients.  This was true for women diagnosed between 35 and 65 years old.  These 

absolute measures were in agreement with the published literature (Darby, Ewertz et al. 2013).  

Thus, despite significantly increased relative risks, the absolute risks for all women combined 

remained low.  This is reassuring, yet it does not reduce the importance of minimising the risk of  

radiation-related late effects. 

When considering the absolute burden of cardiac mortality, it is important to note that 

mortality rates for cardiovascular disease have decreased substantially over the last decade.  A 

recent overview of cardiovascular disease (including stroke) in Europe demonstrated this 

decreasing rate over the past ten years, and its wide variation between countries (Nichols, 

Townsend et al. 2014).  This wide variation resulted in differing magnitudes of change across the 

countries.  For example, in the UK and Germany, the two European countries with the greatest 

number of breast cancer survivors in the COBS study, the 10-year change in mortality rate of 

coronary heart disease among males was -48% and -39%, respectively, and among females was  

-51% and -43%, respectively.   

4.4.5 Dose and changes in radiotherapy techniques 

Radiation-related heart disease risk varies with both patient and treatment factors.  The 

variation by patient characteristics has been clearly demonstrated by this study, and the overall 

variation by the three main treatment types (radiotherapy, chemotherapy and hormonal therapy) 

has also been shown.  It is known that over the past few decades the radiotherapy targets and 

techniques have changed.  Therefore, the maximum radiation dose received by the heart in 

patients treated today, on average, is smaller.  This study did demonstrate a raised mortality risk 

in women treated after the year 2000, and a significant left-sided excess was present among 

younger women particularly those treated after 1990+.  This may be partially attributed to the 

increasing use of modern techniques, for example intensity modulated radiation therapy (IMRT), 

in which a larger volume of the heart receives a lower radiation dose, but the total mean dose is 
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greater than that received by tangential fields (Intensity Modulated Radiation Therapy 

Collaborative Working Group 2001, Veldeman, Madani et al. 2008, Staffurth 2010).   IMRT 

changes the intensity of radiation in different part of a single beam during treatment, which 

allows areas within the target to be treated to different dose levels.  It is, as yet, unclear the 

effect of this cardiac dose over an extended period of follow-up. 

Individual treatment information would allow the mean heart dose to be estimated, 

providing there was information on the prescribed dose, the target, and the techniques used.  

However, this information was not available for the women in this study, as the aim was to study 

large numbers of women, and as a result only basic patient and treatment information was 

available.  However, the irradiation of the internal mammary chain (IMC) is a large determinant in 

the mean radiation heart dose received by a patient.  The reported use of IMC fields in 

radiotherapy regimens can be found for some countries using Pattern of Care Studies, which aim 

to retrospectively document national irradiation practices during a specific period, and allow the 

investigation of regional differences and deviations from standard protocols.  These studies have 

shown that the use of IMC irradiation varies widely and significantly across Europe, the United 

States and Canada (Taghian, Jagsi et al. 2004).  It was found that, in 2001, European treatment 

centres were more likely to use IMC irradiation compared with North America (p<0.01).  It has 

been shown that the use of IMC radiotherapy has declined in the United States, with 62% of 

women receiving IMC radiation in the 1980s but only in 1% of women in the 1990s (Solin, Fowble 

et al. 1990, Shank, Moughan et al. 2000). This decline in the use of IMC radiotherapy was also 

present in Austria, with 62% of patients receiving internal mammary node irradiation in 1985 and 

7.5% in 2001 (Mayer, Handl-Zeller et al. 2007).   But, the percentage of women receiving IMC 

radiation was greater in Austria in 2001 than in the USA in the 1990s, highlighting the variation in 

treatment between countries.  In the Netherlands, a non-significant excess of heart disease was 

shown after right-sided breast cancer as compared to left-sided breast cancer.  The short internal 
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mammary chain field used in the Netherlands in the 1970s and 1980s was positioned high on the 

patient’s chest, meaning that all of the heart was outside the radiation field.  This meant that the 

heart radiation dose was only 0.7Gy for left-sided and 0.5Gy for right-sided breast cancer, 

partially explaining this right-sided excess (Taylor 2008).  It seems likely that IMC irradiation is 

going to be given more often in the future (Early Breast Cancer Trialists' Collaborative Group 

2014).   

4.4.6 Radiotherapy comparison, selection effects and potential misclassification 

An illustration of the biases resulting from the selection of patients to treatment was 

presented in Chapter 3.  In brief, the standard protocol in good prognosis patients is to use 

radiotherapy after breast conserving surgery, but not after mastectomy.   Post-mastectomy 

radiotherapy is only indicated in patients with node involvement (Early Breast Cancer Trialists' 

Collaborative Group 2014), and therefore with a poorer prognosis.  Therefore, in observational 

data, a comparison of irradiated and unirradiated women is simply a comparison of the type of 

women selected for treatment, not the effect of the treatment itself.  This was shown clearly in 

Figure 4-1 and Figure 4-2, in which it appeared that radiotherapy was protective against heart 

disease mortality in women treated with breast conserving surgery, but harmful  

post-mastectomy.  This is clearly not plausible as radiotherapy is known from randomised 

evidence to increase the risk of heart disease irrespective of the type of surgery.  An alternative 

analysis method is to use a comparison of left-sided and right-sided breast cancer patients, as 

presented in this chapter.  This laterality comparison is valid if similar proportions of women 

received radiotherapy for both left-sided and right-sided cancer, which was shown to be true in 

Table 4-1.  It is important to note that the laterality comparison relies on the fact that the mean 

heart dose is different during treatment for left- and right-sided cancer.   
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In women not recorded to have received radiotherapy, there was a borderline significant 

left-sided excess of cardiac mortality.  This was unexpected, as there should be no non-treatment 

related difference in the risk of heart disease by breast cancer laterality.  However, 

misclassification of radiotherapy is known to be problematic, and studies have demonstrated that 

radiotherapy is under-ascertained in the SEER registry, which is the largest registry to supply data 

to COBS (Jagsi, Abrahamse et al. 2012).  In SEER, until 1998, radiotherapy was only recorded if it 

was administered in the first four months following surgery.  This resulted in a proportion of 

women not having their radiotherapy recorded, particularly if they received chemotherapy.  For a 

number of the registries that supplied data to COBS, there are caveats in their recording 

procedures for radiotherapy, which may have resulted in the misclassification of irradiated 

women to unirradiated.  Details of these caveats are tabulated in Appendix, see Table B-1.  Not all 

registries supplied details on their recording procedure, meaning that the potential for 

misclassification of radiotherapy may be applicable to registries other than those listed.  The main 

recording procedure which could have increased radiotherapy misclassification was the use of a 

time-period within which radiotherapy receipt would be recorded.  Thus, some of the women in 

the unirradiated category may have actually received radiotherapy, and may account for the 

slightly raised mortality ratio in unirradiated women. 

4.4.7 Strengths and limitations of study 

The main strength of this study is the large study size, which is the largest observational 

study on radiation-related heart disease in breast cancer patients as yet.  This has provided the 

power to demonstrate clear progressive trends in patient characteristics that have previously not 

been shown so clearly.  In addition, all of the recorded factors that could influence the association 

between radiotherapy and cardiac mortality were investigated thoroughly.   

The study is limited by lack of detailed information, particularly specific treatment 

information.  There is potentially a large variation in the treatment received by patients in 
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different countries, but as detailed dosimetry information wasn’t supplied this could not have 

been investigated.  However, the aim of the collaboration was to collect information on a large 

number of women: a ‘broad brush’ approach in which only a limited amount of information was 

available for each woman.  A purpose of cohort analyses is to identify associations which can be 

more fully investigated within nested case-control studies.  Thus, these limitations were expected 

when the study was designed, and do not negate the relevance of this type of approach.   

4.4.8 Conclusion 

This study of 1.9 million women diagnosed with breast cancer in 22 countries worldwide 

found a significant excess of cardiac mortality in women irradiated for left-sided breast cancer, 

which was mainly due to ischaemic heart disease.  The proportional increase was highest for 

younger women, and  clear trends by calendar year and time since diagnosis were shown for 

women aged <60 at cancer diagnosis.  It also appears that the risks from modern radiotherapy 

were lower than in earlier years.  The late adverse effects of radiation-treatment used today are 

unknown, however results from past regimens and knowledge of current radiation dose received 

provides evidence of future potential risks.  In combination with other results, it can be used by 

clinicians to improve care and quality of life for cancer survivors, as by knowing who is most at 

risk for adverse effects you can adjust their treatment accordingly in order to reduce adverse 

effects.  Therefore, it is clear that breast cancer radiotherapy can cause appreciable increases in 

heart disease in younger women with left-sided cancer, especially if chemotherapy is also given.  

Measures to reduce the risk, such as breathing adapted radiotherapy (Nissen and Appelt 2013) or 

the use of less cardiotoxic chemotherapies may be appropriate for some women. 
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5.1 Introduction 

As shown in the previous chapter, radiotherapy significantly increases the risk of death 

from heart disease in women treated for left-sided breast cancer as compared to right-sided 

breast cancer: by 7% (RR = 1.07 95% CI 1.04-1.10) in a large collaborative population-based 

cohort.  This left-sided excess continued into the third decade, and was proportionally higher for 

younger women.  However, investigation of mortality does not provide a complete illustration of 

the potential risk.  Advances in medical treatments have resulted in improved survival from 

cardiac diagnoses, meaning mortality measures should be supplemented with incidence analyses 

to capture the potentially less serious cardiac diagnoses that may not have resulted in death.  

Thus, a complete exploration of the potential risk can be achieved by a complementary incidence 

analysis, in which all events, both fatal and non-fatal, are investigated.  It also allows investigation 

of multiple events experienced by a patient which permits a more complete understanding of 

their survivorship experience. 

Cardiac incidence following treatment for breast cancer has been investigated in a 

number of studies using a laterality comparison (Rutqvist, Liedberg et al. 1998, Vallis, Pintilie et al. 

2002, Patt, Goodwin et al. 2005, Harris, Correa et al. 2006, Borger, Hooning et al. 2007, Correa, 

Litt et al. 2007, Doyle, Neugut et al. 2007, Hooning, Botma et al. 2007, Jagsi, Griffith et al. 2007, 

Paszat, Vallis et al. 2007, Pinder, Duan et al. 2007, McGale, Darby et al. 2011, Darby, Ewertz et al. 

2013).  Of the published studies, the overall incidence ratio estimates varied greatly.  This is 

partially due to a variation in the definitions of the cardiac endpoints used, but also cohort size, 

diagnosis periods, average follow-up and other relevant patient and treatment characteristics.  

Four of these studies had information on more than 10,000 women, with the largest study 

investigating all heart disease combined as well as specific cardiac diagnoses among 70,000 

women treated in Denmark and Sweden (McGale, Darby et al. 2011).  Thus, no published work 
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has yet investigated cardiac incidence using a population on the same scale as the COBS 

collaborative cohort presented in this thesis.   

5.2 Aim 

This study aimed to provide a comprehensive investigation of radiation-related incident 

heart disease in the largest population-based observational cohort to date among women treated 

for breast cancer.  Specific aims included the presentation of a detailed subdivision of cardiac, 

and the variation in radiation-related risk by both patient and treatment.   

5.3 Results  

Not all registries supplied non-fatal information to the collaboration, and a registry was 

included in the analysis if it contributed at least 20 cardiac events in women recorded to have 

received radiotherapy.  As such, 18 registries from 8 countries worldwide were eligible, and four 

of these registries only provided information on unirradiated women.  Thus, a total of 670,850 

women diagnosed with breast cancer during 1953 to 2007 were eligible for this analysis, 

contributing 6,386,597 person-years.   

Within the study period, 88,960 cardiac events (fatal or non-fatal) were recorded among 

both irradiated and unirradiated women.  Just under half of the women were recorded to have 

received radiotherapy, with 47.0% and 47.4% of left-sided and right-sided women irradiated, 

respectively.  The proportion of women irradiated remained similar across left-sided and  

right-sided women for all of the age groups, calendar periods and countries of interest (Table 

5-1).  Three quarters of the population were diagnosed with breast cancer after age 60.  This is 

driven by the fact that the majority (65%) of cardiac events were diagnosed in women aged 65+ 

years who were recorded by the Medicare database in the US.   
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Number of women 

Percentage recorded as 
irradiated 

Number of 
cardiac events 

 
Left-sided Right-sided Left-sided Right-sided 

      
Time since diagnosis (years)    

0 – 4 109,704 103,036 50.8 51.3 16,707 

5 – 14 164,921 156,534 50.1 50.3 44,055 

15 – 24 55,971 53,005 35.7 35.6 21,353 

25+ 14,176 13,503 27.6 28.7 6,845 

    

Age at diagnosis 
  

 

<50 56,115 53,904 54.2 54.2 7,131 

50 - 59 81,830 77,271 50.4 50.7 15,459 

60 - 69 113,983 107,715 47.3 47.7 31,889 

70 - 79 92,844 87,188 39.4 39.8 34,481 

 
     

Calendar year of diagnosis 
  

1953 - 1969 2,595 2,379 77.2 76.3 1,920 
1970 - 1989 90,944 85,321 36.1 35.9 37,392 
1990 - 1999 120,294 11,3451 47.3 47.4 32,333 

2000 - 2007 130,939 124,927 53.8 54.6 17,315 

   
   

Country 
  

   

Australia 24,340 22,653 57.1 57.9 2,994 

Denmark 29,679 27,984 49.2 49.8 9,336 

Finland 39,553 36,641 60.2 60.2 11,343 

Italy 4,825 4,809 52.4 52.4 426 

Netherlands 3,707 3,394 87.3 87.8 983 

Spain 943 875 94.4 95.1 25 

Sweden 18,276 17,133 60.8 61.3 4,523 

UK 11,671 10,815 59.4 59.5 1,109 

USA 211,640 201,665 40.2 40.7 58,221 

      

Total 344,772 326,078 47.0 47.4 88,960 

      

Table 5-1: Patient characteristics of incident cardiac study by laterality of breast cancer. 

5.3.1 Analysis of first cardiac event (after breast cancer diagnosis) only  

5.3.1.1 Incidence of all heart disease combined and specific cardiac diagnoses 

Among women recorded not to have received radiotherapy, the incidence ratio,  

left-sided versus right-sided breast cancer, for all heart disease combined was  

1.03 (95% CI 1.01-1.04).  In contrast, for women recorded as receiving radiotherapy, the incidence 
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ratio for all heart disease was 1.08 (95% CI  1.06-1.10)  (Figure 5-1).  The heterogeneity between 

these two incidence ratios suggested a radiation-related effect (2p for radiotherapy 

heterogeneity: 0.0002).   

A left-sided excess of cardiac incidence was present for all of the main cardiac diagnoses: 

ischaemic heart disease (IHD), valvular heart disease, arrhythmia, pericarditis, heart failure / 

cardiomyopathy, and other / ill-defined heart disease.  This left-sided excess reached statistical 

significance for IHD, valvular heart disease and pericarditis, with incidence ratios of  

1.11 (95% CI 1.07-1.14), 1.32 (95% CI 1.19-1.47) and 1.50 (95% CI 1.27-1.78).  The incidence ratio 

was significantly raised for the three subgroups of IHD (acute myocardial infarction, angina, and 

all other IHD) and for aortic valvular disease, multiple/unspecified valvular disease and acute 

pericarditis.  The highest incidence ratio was for acute pericarditis, with a two-fold significant 

excess among left-sided compared to right-sided breast cancer patients.   All other subcategories 

of cardiac diagnoses combined, were found to have a left-sided excess, but it did not reach 

statistical significance.   
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Figure 5-1: Cardiac incidence ratios, left-sided versus right-sided breast cancer, calculated using a 
univariable model for specific subgroups of cardiac diagnoses. 

To fully understand the relationship between the univariable and multivariable results, 

the incidence ratios, left-sided versus right-sided, were calculated for the largest country and 

largest age group, in terms of numbers of events, separately.  These subgroups groups were the 

USA and ages 70-79 years (across all countries), see Figure 5-2.  These subgroups would have the 

greatest influence (weighting) in the multivariable analysis.  Among irradiated women, the 

incidence ratio for all heart disease combined was lower for women diagnosed in USA alone, and 

women diagnosed aged 70-79 years alone, as compared to the results for all women combined 

shown in Figure 5-1.  This held true for all specific cardiac diagnoses and sub-groups.   



DPhil Thesis: Katherine E Henson 
Chapter 5: Incident Cardiac Risk Following Breast Cancer Radiotherapy   

117 

 

 

Figure 5-2: Cardiac incidence ratios, left-sided versus right-sided breast cancer, calculated using a 
univariable model for specific subgroups of cardiac diagnoses - for USA and ages 70-79 years only. 
 

After an additional person-years weighted average (based on a multivariable model) was 

applied, the incidence ratio, left-sided versus right-sided, for all heart disease combined was  

1.04 (95% CI 1.01-1.07).  There was a significant left-sided excess for IHD and valvular heart 

disease, but it was no longer significant for pericarditis (Figure 5-3).  There was a significant 12% 

left-sided excess compared to right-sided of acute myocardial infarction, based on a total of 6,778 

events.  The highest left-sided excess was for aortic valvular disease, with a significant 71%  

left-sided excess which was based on only 392 events.   
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Figure 5-3: Cardiac incidence ratios, left-sided versus right-sided breast cancer, for specific subgroups of 
cardiac diagnosis, calculated using a multivariable model and additional person-years weighting. 

5.3.1.2 Variation in incidence of all heart disease combined subdivided by patient 

characteristics 

A significant linear trend was found for irradiated women by years since diagnosis  

(2p: 0.004), age (2p: 0.009) and calendar year of diagnosis (2p: 0.05), and there was significant 

heterogeneity in the incidence ratios by country (2p: 0.05) (Figure 5-4).  These were calculated 

using univariable models with a baseline group of years since: 0-4 years, age: <40 years old, 

calendar period: 1953 to 1969 and country: UK.  The incidence ratios increased with increasing 

years since diagnosis, with the greatest proportional excess in left-sided women at 25+ years 

since cancer diagnosis (1.15 95% CI 1.06-1.24).  Younger women were at the greatest 
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proportional risk, with a significant 17% left-sided excess and decreasing trend with increasing 

age at diagnosis.  Women treated more recently were at a lower proportional risk compared to 

those treated in the 1970s, with a significant decreasing linear trend (2p=0.05).  However, a 

significant left-sided excess existed for women treated during 2000-2007 with an incidence ratio, 

left-sided versus right-sided, of 1.07 (95% CI 1.02-1.12).  Significant heterogeneity existed 

between countries, with all countries except Spain demonstrating an incidence ratio greater than 

1.  The left-sided excess was significantly elevated for Australia, Finland, the UK and USA.  No 

heterogeneity was present across the countries when Spain was removed from the test 

(2p=0.11).   
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Figure 5-4: Cardiac incidence ratios, left-sided versus right-sided breast cancer, estimated using a 
univariable model subdivided by years since diagnosis, age, calendar year and country of treatment. 

Removal of the dependence on a baseline through the use of a multivariable model and 

weighted average resulted in a significant decreasing trend with age at diagnosis (2p=0.03), 

significant heterogeneity between countries (2p=0.03), but not a significant trend with either 

time since diagnosis (2p=0.11) or calendar year (2p=0.94).  The incidence ratio was  

1.14 (95% CI 1.05-1.23) for women diagnosed before the age of 50 years, and the rate ratios 

decreased with increasing age at diagnosis.  However, the left-sided excess remained significant 

in women treated during their 70s.  The left-sided excess remained significant in Australia, 

Finland, the UK and the USA, with the greatest excess of 34% in women treated in America.  
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Despite a non-significant linear trend with increasing years since diagnosis, there was a 

suggestion that the proportional increase was greatest after the second decade since treatment 

and continued after 25 years.  The incidence ratios, left-sided versus right-sided, were  

1.15 (95% CI 1.09-1.21) and 1.11 (95% CI 1.02-1.22) for 15-24 years and 25+ years from diagnosis, 

respectively.   There was no consistent trend in the incidence ratio for each calendar period of 

diagnosis, but, notably of interest, the ratio remained significantly elevated in women diagnosed 

more recently, taking a value of 1.10 (95% CI 1.05-1.16) for women treated during 2000 to 2007.   
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Figure 5-5: Cardiac incidence ratios, left-sided versus right-sided breast cancer, subdivided by years since 
diagnosis, age, calendar year and country of treatment calculated using a multivariable model and 
additional person-years weighting. 

5.3.1.3 Variation in incidence of specific categories of heart disease subdivided patient 

characteristics 

Despite a relatively low number of pericarditis events, there was a significant increasing 

trend (2p=0.007) in pericarditis incidence ratios, left-sided versus right-sided, with increasing 

years since cancer diagnosis (Figure 5-6).  The incidence ratio at 15-24 years since diagnosis was 

3.03 (95% CI 1.81-5.07), which decreased slightly to 2.55 (95% CI 0.91-7.15) at 25+ years since 

diagnosis.  For IHD, valvular heart disease and other & ill-defined heart disease, the trends in 
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years since diagnosis, age and calendar year of diagnosis were similar to the findings for all heart 

disease combined as shown in Figure 5-5, but they did not reach statistical significance.  There 

was no apparent trend for heart failure or arrhythmia.  For IHD, valvular heart disease and 

pericarditis, there was a left-sided excess (not always statistically significant) for all categories of 

age, calendar year and time since diagnosis.   
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Figure 5-6: Incidence ratios for specific heart disease categories, left-sided versus right-sided breast 
cancer, subdivided by years since diagnosis, age, calendar year and country of treatment calculated using 
a multivariable model and additional person-years weighting.  
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5.3.1.4 Variation in incidence of all heart disease combined by treatment and tumour 

characteristics 

Among women recorded to have received radiotherapy, the cardiac incidence ratio,  

left-sided versus right-sided, was 1.19 (95% CI 1.08-1.31) for women who received chemotherapy, 

and 1.08 (95% CI 1.05-1.13) who did not receive chemotherapy (Table 5-2).  These two incidence 

ratios were borderline heterogeneous (2p=0.07) suggesting a potential treatment interaction.  No 

heterogeneity existed between known categories of hormonal therapy, stage of breast cancer, 

surgery type or race in irradiated women.   

  Events Cardiac incidence 
ratio (95% CI) 

Heterogeneity test * 

  Left Right  χ ² (df) p-value 

       
Chemo-
therapy 
received 

Yes 865 803 1.19 (1.08-1.31) 3.27 (1) 0.07 
No 6,235 5,433 1.08 (1.05-1.13)   
Unknown 26 28 0.89 (0.51-1.55)   

 Not recorded † 10,991 9,867 1.07 (1.04-1.10)   
Hormonal 
therapy 
received 

Yes 1,856 1,584 1.10 (1.03-1.18) 0.00 (1) 0.96 
No 5,544 4,834 1.10 (1.05-1.14)   
Unknown 75 75 0.77 (0.55-1.08)   

 Not recorded 10,743 9,637 1.07 (1.04-1.10)   
Stage of 
breast 
cancer 

DCIS ‡ 927 765 1.16 (1.06-1.28) 4.19 (3) 0.24 
Localised 9,574 8,567 1.07 (1.04-1.10)   
Regional 6,080 5,382 1.10 (1.06-1.14)   

 Metastatic 556 462 1.16 (1.02-1.31)   
 Unknown 1,013 910 0.99 (0.91-1.09)   
Surgery BCS § 7,599 6,871 1.06 (1.02-1.09) 0.99 (2) 0.61 
 Mastectomy 4,251 3,814 1.08 (1.04-1.13)   
 None 185 166 1.02 (0.82-1.27)   
 Unknown 6,170 5,267 1.12 (1.08-1.16)   
Race Asian / Pacific 395 388 1.02 (0.89-1.18) 2.55 (3) 0.47 
 Black 882 764 1.15 (1.04-1.26)   
 White 11,912 10,723 1.06 (1.04-1.09)   
 Other 27 31 0.96 (0.56-1.65)   
 Unknown 643 485 1.20 (1.07-1.35)   
 Not recorded 4,361 3,748 1.10 (1.05-1.15)   
       

           * Between known categories 
              † Variable not provided by registry, or period was before common use of therapy 
              ‡ Ductal carcinoma in situ  
             §

 
Breast conserving surgery 

Table 5-2: Cardiac incidence ratios, left-sided versus right-sided breast cancer, in irradiated women 
subdivided by chemotherapy and hormonal therapy receipt, stage of breast cancer, surgery type and 
race. 
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This suggested chemotherapy-radiotherapy interaction was investigated further by 

analysing specific cardiac events (Table 5-3).  The incidence ratios, left-sided versus right-sided, 

were calculated for women who received both chemotherapy and radiotherapy, only one of 

chemotherapy or radiotherapy, and neither treatment.  Without radiotherapy, there should be no 

difference in incident events by laterality, but the difference in incidence ratios between whether 

chemotherapy was received in irradiated women could suggest an interaction.  Significant 

heterogeneity (2p=0.05) was present across the IHD incidence ratios by treatment received taking 

values of 1.23 (95% CI 1.06-1.44), 1.14 (95% CI 1.08-1.20), 1.07 (95% CI 0.87-1.32) and  

1.05 (95% CI 0.99-1.10) for women treated with radiotherapy and chemotherapy, radiotherapy 

alone, chemotherapy alone, and neither treatment, respectively.  The increased proportional 

incidence in women who received both treatments was, again, suggestive of a possible 

interaction.  Significant heterogeneity by treatment received (2p=0.05) was also present across 

the incidence ratios of heart failure, but the greatest proportional increase was in women who 

received chemotherapy alone (1.29 95% CI 0.94-1.76).  The difference in subgroups was 

borderline significant (2p=0.07) when all cardiac diagnoses were combined.  
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Event 
Radiotherapy 

received 
Chemotherapy 

received 

Number of 
events 

Incidence ratio 
 (95% CI) 

left vs right Left / Right 

     
All heart disease Yes Yes 965 / 803 1.19 (1.08-1.31) 
  No 6,492/5,671 1.08 (1.05-1.12) 
 No Yes 513 / 452 1.05 (0.93-1.20) 
  No 6,514 / 5,782 1.05 (1.01-1.08) 
    2p for het: 0.07 
     

IHD Yes Yes 393 / 320 1.23 (1.06-1.44) 
  No 3,254 / 2,694 1.14 (1.08-1.20) 
 No Yes 201 / 178 1.07 (0.87-1.32) 
  No 3,150 / 2,799 1.05 (0.99-1.10) 
    2p for het: 0.05 
     

Arrhythmia Yes Yes 251 / 237 1.05 (0.88-1.26) 
  No 1,596 / 1,477 1.02 (0.95-1.10) 
 No Yes 154 / 143 1.02 (0.81-1.29) 
  No 1,709 / 1,502 1.06 (0.99-1.14) 
    2p for het: 0.93 
     

Cardiomyopathy 
/ Congestive 
heart failure  

Yes Yes 167 / 136 1.21 (0.96-1.53) 
 No 1,031 / 1,050 0.93 (0.85-1.01) 

No Yes 103 / 72 1.29 (0.94-1.76) 
  No 1,131 / 1,075 0.97 (0.89-1.06) 
    2p for het: 0.05 

     

Table 5-3: Cardiac incidence ratios, left-sided versus right-sided, subdivided by radiotherapy and 
chemotherapy status for all heart disease combined and specific cardiac diagnoses. 
 

Another important factor, prior heart disease, was then investigated among women 

recorded to have received radiotherapy.  Among irradiated women there was no heterogeneity 

by prior heart disease for all heart disease combined (2p=0.28), IHD (2p=0.64), arrhythmias 

(2p=0.90) or heart failure (2p=0.47) (Table 5-4).  Similarly, there was no heterogeneity for prior 

IHD, or prior MI.   
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Events Incidence ratio 

(95% CI) 

Heterogeneity 
test * 

  Left Right χ² (df) p-value 
 

All heart disease 
Prior heart 
disease 

Yes 1,315 1,257 1.02 (0.95-1.11) 1.19 (1) 0.28 
No 3,854 3,410 1.08 (1.03-1.13)   

 Not recorded 13,033 11,455 1.09 (1.06-1.12)   
Prior IHD Yes 514 508 1.01 (0.89-1.14) 0.79 (1) 0.37 

No 2,716 2,437 1.06 (1.00-1.12)   
 Not recorded 15,439 13,633 1.09 (1.06-1.11)   
Prior MI Yes 65 63 1.08 (0.74-1.57) 0.01 (1) 0.92 

No 12,353 11,115 1.07 (1.04-1.09)   
 Not recorded 5,358 4,500 1.13 (1.09-1.18)   

 

IHD (first event) 
Prior heart 
disease 

Yes 595 537 1.12 (0.99-1.26) 0.22 (1) 0.64 
No 1,729 1,729 1.16 (1.08-1.24)   

 Not recorded 6,181 6,181 1.09 (1.06-1.14)   
Prior IHD Yes 44 39 1.26 (0.79-2.03) 0.00 (1) 0.96 

No 1,165 952 1.15 (1.06-1.26)   
 Not recorded 7,297 6,358 1.10 (1.06-1.14)   
Prior MI Yes 309 283 1.11 (0.94-1.30) 2.04 (1) 0.15 

No 5,574 4,848 1.10 (1.06-1.14)   
 Not recorded 2,626 2,215 1.12 (1.06-1.19)   

 

Arrhythmia (first event) 
Prior heart 
disease 

Yes 342 330 0.98 (0.84-1.14) 0.01 (1) 0.90 
No 1,039 1,018 0.97 (0.89-1.06)   

 Not recorded 3,023 2,747 1.06 (1.00-1.11)   
Prior IHD Yes 6 11 0.45 (0.16-1.29) 2.21 (1) 0.14 

No 793 790 0.95 (0.86-1.05)   
 Not recorded 3,617 3,303 1.05 (1.00-1.10)   
Prior MI Yes 85 96 0.80 (0.59-1.08) 2.04 (1) 0.15 

No 3,274 3,122 1.01 (0.96-1.06)   
 Not recorded 1,058 884 1.14 (1.05-1.25)   

 

Heart failure / cardiomyopathy (first event) 
Prior heart 
disease 

Yes 248 273 0.88 (0.74-1.05) 0.53 (1) 0.47 
No 675 676 0.95 (0.86-1.06)   

 Not recorded 2,419 2,188 1.06 (1.00-1.12)   
Prior IHD Yes 11 10 1.25 (0.49-3.20) 1.16 (1) 0.28 

No 444 468 0.90 (0.79-1.03)   
 Not recorded 2,887 2,664 1.04 (0.97-1.07)   
Prior MI Yes 77 93 0.86 (0.63-1.17) 0.46 (1) 0.50 

No 2,248 2,116 1.02 (0.96-1.08)   
 Not recorded 1,016 930 1.03 (0.95-1.13)   
       

           * Between known categories 

Table 5-4: Cardiac incidence ratio, left-sided versus right-sided breast cancer, in irradiated women 
subdivided by prior heart disease, prior IHD and prior MI for cardiac endpoints with at least 100 cardiac 
events in irradiated women with left-sided breast cancer.  
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5.3.2 Analysis of any cardiac event  

Specific cardiac diagnoses were not treated as mutually exclusive, i.e., one woman could 

contribute to both an IHD and valvular event.  The first event after breast cancer diagnosis of 

each specific cardiac diagnosis was considered.  

As in the first event only analysis using a univariable model, a significant left-sided excess 

was found for IHD, valvular disease and pericarditis, taking values of 9%, 22% and 45% 

respectively (Figure 5-7).  The incidence ratio, left-sided versus right-sided, was also significantly 

increased for arrhythmia (1.05 95% CI 1.01-1.09).  All subgroups of IHD presented a significant 

left-sided excess, as did aortic valvular disease, multiple / other valvular disease, and acute 

pericarditis.  The incidence ratio for acute pericarditis was substantially greater than in the first 

event only analysis, with a significant 50% increased incidence among left-sided breast cancer 

patients.     
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Figure 5-7: Heart disease as any event incidence ratio, left-sided versus right-sided breast cancer, 
calculated using a univariable model for specific subgroups of cardiac diagnoses. 

Incidence ratios for all cardiac subgroups were calculated using a multivariable model 

with an additional person-years weighted average, see Figure 5-8.  The results were similar to 

those estimated using a univariable model (Figure 5-7), with a significant left-sided excess present 

for IHD, valvular disease, arrhythmia and pericarditis.  However, the incidence ratio for chronic 

pericarditis was significantly increased with an estimate of 1.67 (95% CI 1.14-2.46).  The incidence 

ratios for acute myocardial infarction, aortic valvular disease and acute pericarditis were also 

significantly increased.  All other known endpoints, except mitral valvular disease, demonstrated 

a left-sided excess in irradiated women.   
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Figure 5-8: Heart disease as any event incidence ratio, left-sided versus right-sided breast cancer, for 
specific subgroups of cardiac diagnosis, calculated using a multivariable model and additional person-
years weighting. 
 

5.4 Discussion 

5.4.1 Overall findings  

In this chapter, results from the largest population-based study as yet to investigate the 

incidence of radiation-related heart disease were presented.  Women treated with radiotherapy 

for left-sided breast cancer were 8% more likely to experience a subsequent cardiac event (fatal 

or non-fatal) than women treated for right-sided breast cancer during 1953 to 2007.  This 

significant left-sided excess was largely due to significant excesses in ischaemic heart disease, 

valvular heart disease and pericarditis, with ischaemic heart disease contributing the greatest 

number of events (46% of first cardiac diagnoses).     
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A number of studies have demonstrated a significantly increased radiation-related 

incidence of heart disease in left-sided breast cancer patients (Harris, Correa et al. 2006, Borger, 

Hooning et al. 2007, Jagsi, Griffith et al. 2007, McGale, Darby et al. 2011, Darby, Ewertz et al. 

2013).  The largest of these is a study of 72,134 women treated in Denmark and Sweden during 

1976-2006 (McGale, Darby et al. 2011).  The registries analysed in the work by McGale and 

colleagues also contributed data to the COBS collaboration presented in this thesis, and the 

number of women from Denmark and Sweden accounted for 8.6% and 4.2%, respectively, of the 

women analysed for this chapter.  In the published study by McGale et al, a significant left-sided 

excess of events of IHD, MI, angina, pericarditis and valvular heart disease was shown among 

irradiated women.  The greatest excess was found for acute pericarditis, followed by aortic 

valvular disease.  This was in-keeping with the results of this study, in which the incidence ratio, 

left versus right, was of 1.94 (95% CI 1.48-2.55) and 1.50 (95% CI 1.22-1.84) for acute pericarditis 

and aortic valvular disease, respectively, which were slightly lower than the incidence ratios of 

2.16 (95% CI 1.10-4.26) and 1.70 (95% CI 1.14-2.53) for Denmark and Sweden alone (McGale, 

Darby et al. 2011).  Radiation-related pericarditis, as discussed by McGale et al, has been 

previously demonstrated experimentally and in Hodgkin lymphoma patients.  The findings 

presented here have now also demonstrated increased radiation-related pericarditis in breast 

cancer patients. In addition, this COBS study demonstrated an increasing trend in the 

proportional risk of pericarditis with increasing time since cancer treatment.   

Despite a lack of complete understanding of the pathology of radiation-induced valvular 

heart disease, its existence has been demonstrated in a number of cases (Cutter, Taylor et al. 

2010).  McGale et al (2011) questioned whether their elevated risk of valvular disease was an 

effect of radiation itself, or in fact a result of radiation-induced IHD.  Two other studies have 

investigated valvular heart disease incidence after breast cancer radiotherapy with inconsistent 

results.  A study of 1,600 women treated with breast conserving surgery with 16 years of 
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following up found a 53% significant left-sided excess for valvular heart disease (in combination 

with pericarditis, cardiomyopathy and congestive heart failure) (Borger, Hooning et al. 2007).  In 

contrast, an analysis of the SEER-Medicare study with 9.5 years of follow-up found a  

non-significant (p=0.93) left-sided excess of valvular heart disease (Patt, Goodwin et al. 2005).  

This chapter provides further evidence that it may well be a radiation effect yet more studies are 

needed to fully characterise the risk. 

The radiation-induced risk of IHD and myocardial infarction (MI) has been investigated by 

a number of authors.  The incidence ratios, left-sided versus right-sided, ranged from 1.03 to 1.35 

for IHD (Patt, Goodwin et al. 2005, Borger, Hooning et al. 2007, Doyle, Neugut et al. 2007, 

McGale, Darby et al. 2011), and ranged from 0.74 to 7.92 for MI (Rutqvist, Liedberg et al. 1998, 

Vallis, Pintilie et al. 2002, Harris, Correa et al. 2006, Doyle, Neugut et al. 2007, Hooning, Botma et 

al. 2007, Jagsi, Griffith et al. 2007, Paszat, Vallis et al. 2007, McGale, Darby et al. 2011).  Variations 

in the estimates of IHD and MI risk from the published studies could be attributed to differences 

in average follow-up time, treatment period, study size, and distribution of tumour and patient 

characteristics.  Therefore, the results for IHD in the worldwide collaboration in this thesis were 

very consistent (taking into account variations in study populations) with the published results.  

The wide range of estimates for MI makes it difficult to make a concluding statement regarding 

the consistency with published studies.  However, the MI estimates found in this chapter was 

consistent with the estimate for IHD and the larger published studies. 

As this chapter was based on a collaboration of registries worldwide, natural variation 

existed in the distribution of patient characteristics, and treatment exposure across the registries.  

The univariable analysis controlled for these variations through stratification.  However, a second 

analysis was performed in order to average the rate ratios estimated from a multivariable model 

of all categories of the explanatory variables (age, calendar year and country of treatment, and 

years since treatment), weighted by the corresponding person-years.  This method was most 
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useful when investigating the variation in radiation-related risk by patient characteristics, but it 

was also applied to the overall estimates (Figure 5-3).   The incidence ratios calculated by 

multivariable regression were lower than the estimates from the corresponding univariable 

model for all cardiac endpoints, except AMI and aortic valvular disease.  The majority of women 

(60%) included in this study were aged 60 years or older.  This was largely due to the fact that 

SEER-Medicare accounts for 62% of the study population, which only records follow-up 

information on women aged 65 years and older.  As demonstrated in both this study, and the 

study of cardiac mortality, older women were at a lower proportional risk than younger women.  

Thus, the risk in older women would have had a greater influence on the cardiac incidence ratios 

in the multivariable analysis, resulting in lower left-sided excesses. 

The risk of incident heart disease was investigated using two approaches: a first event 

only analysis and an analysis of any cardiac event.  All results were similar when the analysis took 

account of all diagnoses of heart disease, rather than only the first event.  For ease of discussion, 

only the results corresponding to the mutually exclusive analysis of first event after breast cancer 

will be discussed.  It is important to note that the comparison of left-sided versus right-sided 

breast cancer patients was likely to underestimate the extent of the cardiac risk of both fatal and 

non-fatal events, because the laterality comparison is a comparison of ‘higher versus lower dose 

received by the heart.  However, the risk compared to no dose, i.e.  a comparison of radiotherapy 

versus not, was not possible in observational cohorts due to selection biases previously discussed 

(Chapter 3).   

5.4.2 Risk of incident heart disease by treatment period and age of diagnosis 

It is believed that modern radiotherapy has reduced the radiation-related heart disease 

risk, as no study yet has demonstrated an elevated risk in women treated after 1990.  For 

instance, Doyle and colleagues stated that there was no laterality difference in the risk of MI in 

women treated after 1992 (Doyle, Neugut et al. 2007).  The findings of this COBS study provided 
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evidence to the contrary.  For women diagnosed during 2000 to 2007, the incidence ratio, 

 left-sided versus right-sided, was 1.10 (95% CI 1.06-1.16).  This was greater than the estimate for 

women diagnosed during the 1990s, potentially suggesting that the proportional excess may be 

increasing again for women treated in more recent calendar years.  It was not possible to know 

whether this suggestion is true until extended follow-up is collected.  This highlights the need for 

continued follow-up for late cardiac events, particularly among women treated for breast cancer 

more recently.   

No study, as yet, has demonstrated such a clear progressive decrease with increasing age 

at cancer diagnosis in the proportional risk of cardiac incidence in breast cancer patients treated 

with radiotherapy.  Women treated for breast cancer before age 50 were at a  

14% (95% CI 5%-23%) left-sided excess compared to right-sided events of all heart disease 

combined.  This decrease in proportional risk with age at radiation was present in IHD, 

cardiomyopathy and heart failure, pericarditis and valvular heart disease.  A laterality comparison 

has been used to investigate the association with age at cancer diagnosis in a number of studies 

with varying results.  No strong association with age was found in three studies (Patt, Goodwin et 

al. 2005, McGale, Darby et al. 2011, Darby, Ewertz et al. 2013).  A study of 834 women from the 

University of Michigan found that the occurrence of a first event of MI was positively associated 

with age (p=0.0004), where age was treated as continuous (Jagsi, Griffith et al. 2007).  Two other 

studies also found that the MI risk was higher in older women, where age 60 years was used as 

the cut-off (Doyle, Neugut et al. 2007, Paszat, Vallis et al. 2007).  For a direct comparison to the 

work by Paszat and colleagues, the incidence ratios, left-sided versus right-sided, were calculated 

using a univariable model for the first event of acute MI.  The incidence ratios were found to be 

1.20 (95% CI 1.03-1.40), 1.05 (95% CI 0.94-1.17), 1.11 (95% CI 1.03-1.21) and  

1.11 (95% CI 1.02-1.20) for ages <50, 50-59, 60-69 and 70-79, respectively.  Thus, the three 

published studies with a significant association of MI risk with age demonstrated an opposite 
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trend to that shown in this COBS study.  This may be due to the substantial differences between 

the study populations of this study and those in the published literature. One potential 

explanation may be due to the large proportion of elderly women in this cohort.  It has been 

shown that, particularly in older women, radiotherapy was less likely to be administered to a 

patient with a pre-existing cardiac condition, or a previous cardiac event (Doyle, Neugut et al. 

2007).  Therefore, the selection of patients to radiotherapy may have varied substantially 

between this COBS study and the work by Paszat and colleagues, causing the inconsistent results.  

In addition, awareness of the cardiotoxicity of radiotherapy has resulted in changes to clinical 

practice, and in more recent years some policies have been adjusted to reduce the risk of 

radiation-related heart disease.  For example, as of 2003 the policy in Denmark is to only use 

internal mammary chain radiation on right-sided breast cancer patients (McGale, Darby et al. 

2011).  However, this level of treatment detail was not available and so without this information 

the cause of the different findings could not be fully dissected. 

5.4.3 Risk of incident heart disease in relation to chemotherapy  

It is believed that the cardiotoxic risks associated with chemotherapy and radiotherapy 

are additive due to the distinct mechanisms of cardiac damage from the two treatments (Shapiro 

and Recht 2001, Bovelli, Plataniotis et al. 2010, Cutter, Taylor et al. 2010).  There is evidence that 

chemotherapy (namely anthracyclines and taxanes) is cardiotoxic, even in the absence of 

radiotherapy (Yeh and Bickford 2009).  Meta-analyses of all available randomised trials of 

chemotherapy in early breast cancer have been completed by the Early Breast Cancer 

Collaborative Group (Early Breast Cancer Trialists' Collaborative Group 2005).  The  

meta-analysis of polychemotherapy versus not found a rate ratio of 1.21 (95% CI 0.93-1.59) for all 

heart disease, and 1.78 (95% CI 1.00-3.17) for all heart disease when only anthracycline-based 

regimens were considered.  This clearly showed the cardiotoxic effects of anthracycline-based 

chemotherapy regimens.  However, there has been little evidence, particularly in observational 
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data, to demonstrate this additive effect.  The potential interaction between chemotherapy and 

radiotherapy may vary on the chemotherapy agent administered as they use different 

mechanisms.  In the early calendar periods, the main chemotherapy regime used was 

Cyclophosphamide Methotrexate Fluorouracil (CMF), but from the 1990s onwards  

anthracycline-based regimens were introduced.  A comprehensive history of the use of 

chemotherapy drugs has been reviewed elsewhere (Verrill 2009).  However, as the COBS cohort 

does not hold detailed information on the type chemotherapy received, the possible variation in 

interaction based on chemotherapy regimen could not be analysed.   

Four papers investigated the association between chemotherapy and radiotherapy in 

terms of the risk of heart disease incidence in breast cancer patients, and none of the studies 

found a significant association the two treatments (Doyle, Neugut et al. 2007, Jagsi, Griffith et al. 

2007, McGale, Darby et al. 2011, Darby, Ewertz et al. 2013).  However, this COBS study of nearly 

700,000 women treated for breast cancer over a 50 year period found a significant interaction 

between radiotherapy and chemotherapy for IHD and cardiomyopathy / congestive heart failure.  

The left-sided excess of IHD events was highest in women who received chemotherapy and 

radiotherapy.  Women who only received chemotherapy had the greatest left-sided excess of 

cardiomyopathy and congestive heart failure events.  The finding of an association for IHD events 

was expected, as radiation is most strongly associated with ischaemic heart disease (Cutter, 

Taylor et al. 2010).  The finding for cardiomyopathy was likely a fluke result, as event though it 

has been shown that chemotherapy was most strongly associated with cardiomyopathy, there 

should be no difference by laterality for the effect of chemotherapy.  

5.4.4 Comparison of cardiac incidence risk to cardiac mortality risk  

The overall conclusions drawn from the analyses of cardiac mortality and cardiac 

incidence in COBS were similar, and the key points will now be discussed.  The initial difference 

between the two chapters was that not all registries contributed non-fatal data, and so the 
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number of patients in Chapter 4 was approximately double that here.  The mortality ratio,  

left-sided versus right-sided, was 1.07 (95% CI 1.04-1.10) and the incidence ratio was  

1.08 (95% CI 1.06-1.10) for all heart disease among irradiated women.  In both studies, the 

proportional risk increased (non-significantly in a multivariable model) with increasing time from 

cancer diagnosis, and continued into the third decade since treatment.  This might suggest that 

this trend was confounded by calendar year of diagnosis, as to be expected as more recent years 

have limited follow-up.  There was a significant left-sided excess in the first five years following 

diagnosis for incidence, which was also shown in the most recent published study (Darby, Ewertz 

et al. 2013), suggesting that radiation-related heart disease is not only a late effect.  The 

proportional increase was highest for younger women.  A potential chemotherapy interaction 

was found in both studies, which was mainly present in younger women in terms of mortality.  

This interaction was shown for all heart disease combined in the mortality study, and for 

ischaemic heart disease events in the incidence study.  

Three published studies also included an analysis of radiation-related mortality as a 

comparison to their analyses of incidence (Harris, Correa et al. 2006, Borger, Hooning et al. 2007, 

McGale, Darby et al. 2011).  In all three studies, there was no significant excess in mortality, but a 

significant left-sided excess was present in the analyses of incident events.  This difference was 

likely due to statistical power.   

5.4.5 Incident heart disease risk in SEER-Medicare  

As mentioned earlier, 62% of the study population is data from the SEER-Medicare 

dataset.  Medicare is a health insurance program for individuals aged 65 and older in the USA.  

The Medicare claims were linked to individuals recorded with cancer in SEER, and provide 

information on the medical treatment received which was covered by Medicare health services.  

Three studies have previously investigated the risk of cardiac incidence using a comparison of  

left-sided versus right-sided breast cancer patients recorded in the SEER-Medicare database (Patt, 
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Goodwin et al. 2005, Doyle, Neugut et al. 2007, Pinder, Duan et al. 2007).  None of the three 

studies found a significant excess of cardiac events among left-sided breast cancer patients.  

However, the average follow-up was less than 10 years for these studies.   

5.4.6 Strengths of study 

The main strength of this study was the size of the population, with 670,850 patients 

contributing a total of 6,386,597 person-years and 88,960 events.  The collaboration has allowed 

direct comparison of the radiation-related heart disease risk among women in eight countries, 

from 14 registries.  This is the first collaboration of population-based cohorts of this scale for the 

study of cardiac incidence in breast cancer patients.  This allowed investigation of the variation in 

risk by important patient characteristics thought to be associated with radiation-related incident 

heart disease risk.   

5.4.7 Limitations of study 

As with the cardiac mortality study, the main limitation of this cardiac incidence study is 

the lack of detailed treatment information for individual women.  This prevents investigation of 

dose-response relationships.  However, when investigating risk on this scale it would be very 

challenging to collect individual treatment information.  The cohort was designed to collect basic 

information on a large scale with the intention of understanding the ‘big picture’.   

The other potential limitation of this study is that not all registries supplied information 

on non-fatal events.  This meant that the range of calendar periods and ages of diagnosis supplied 

to the incidence study was smaller than the mortality study, and the number of events that could 

be analysed was limited.   
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5.4.8 Conclusion 

A significant excess of incident heart disease events, in left-sided versus right-sided breast 

cancer patients, was demonstrated in this large-scale population-based cohort of breast cancer 

survivors treated with radiotherapy.  The proportional risk appeared within the first few years, 

and continued for at least three decades, with a significant left-sided excess still present in 

women treated recently, i.e. from 2000 onwards.  A possible interaction between chemotherapy 

and radiotherapy was found, particularly in ischaemic heart disease.  This study highlights the 

importance of large-scale data, which provide enough events to analyse subgroups of clinically 

relevant categories.  Also, as breast cancer survival increases continued follow-up is still very 

important as it should provide more evidence on the lifelong hazards associated with 

radiotherapy for breast cancer.  The growing collection of published studies of radiation-related 

heart disease with extended follow-up in the literature provides an evidence-base to support 

monitoring cancer survivors for heart disease for decades after treatment. 
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6.1 Introduction 

Meta-analyses conducted by the Early Breast Cancer Collaborative Group have shown 

that lung cancer is the most commonly diagnosed second cancer among women treated with 

radiotherapy for breast cancer.  Among 42,000 women from 78 randomised trials, 156 women 

died from lung cancer (Early Breast Cancer Trialists' Collaborative Group 2005).  This translated to 

48.6 events attributable to radiotherapy.  As such, investigation of radiation-related lung disease 

in a large population-based cohort is important, as a greater number of events will allow 

investigation of the variation in risk by patient and treatment characteristics.   

  As explained in Chapter 3, selection effects prevent a comparison of irradiated and 

unirradiated women from producing reliable results in observational data.  Previous chapters 

have studied the risk of radiation-related heart disease using a laterality comparison, which is the 

most common side-effect associated with radiotherapy accounting for 30% of the total  

non-breast-cancer deaths in randomised meta-analyses (Early Breast Cancer Trialists' 

Collaborative Group 2005).  Similarly, the lungs are a paired organ, and their positioning means 

that the lung on the same side as the breast receiving radiation will be subjected to a higher 

radiation dose than the opposite lung.  Thus, a comparison of ipsilateral versus contralateral lung 

cancer is equivalent to a comparison of higher versus lower radiation dose.  This should allow 

analyses comparable to those presented on radiation-related heart disease.  

Information gathered on the risk of radiation-related lung cancer could help to improve 

the long-term survivorship of breast cancer patients.  Both breast cancer and lung cancer are 

commonly diagnosed in the general population, meaning that proportional increases in the risk of 

radiation-related lung cancer could have a large absolute effect.  With the increasing survival of 

breast cancer patients (1-year survival is currently at ~95% in developed countries (95.8% in the 

UK, (Cancer Research UK 2014)), the focus is shifting towards the reduction of late adverse 

effects, in which lung cancer features prominently.  
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6.2 Aim 

This study aimed to characterise the long-term risk of microscopically confirmed lung 

cancer in terms of both fatal and non-fatal events in a population-based cohort of breast cancer 

survivors who were recorded to have received radiotherapy.     

6.3 Results  

The lungs are a common site of breast cancer metastases; therefore care must be taken 

when studying this endpoint.  To reduce the possibility of misclassification of metastases, only 

lung cancer cases which were microscopically confirmed were considered in this analysis.  The 

study protocol sent to the contributing registries requested as a desirable variable the “basis of 

diagnosis of any subsequent invasive cancer”.  Using this information, a cancer was classified as 

microscopically confirmed if it was recorded as: cytology; histology of metastases; histology of 

primary tumour.  It was not classified as microscopically confirmed if it was recorded as: death 

certificate only; clinical; clinical investigation; specific tumour markers; unknown.  Out of a 

possible 7,133 lung cancer events, only 1,309 deaths and 3,457 events were suitable for analysis.  

Despite this, this study is still the largest population-based study of radiation-related lung cancer 

among breast cancer patients.  A flowchart detailing the selection of lung cancer events is shown 

in Figure 6-1. 
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Figure 6-1: Flowchart of selection of microscopically confirmed lung cancers. 
 

6.3.1 Characteristics of the study population 

A total of 1,608,812 women diagnosed with breast cancer in 18 countries were included 

in this study (Table 6-1).  Fifty percent were recorded as having received radiotherapy.  3,457 of 

the women were known to have experienced microscopically confirmed lung cancer, of which 

1,309 died.     

  

Lung cancer registrations  
 

7,133 

 

Microscopically confirmed 
registrations  

3,917 

3 

3,917 

Incident events  
 

3,915 

Of which died  
 

1,503 

Analysable  
Ipsilateral deaths 

722 

Analysable 
Contralateral deaths 

587 

 

Analysable  
Ipsilateral events 

1,801 

Analysable  
Contralateral events 

1,656 
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 Number 
of women 

Percent 
irradiated 

Lung cancer 
 Events Deaths 

     
Calendar year of diagnosis   
1935-79 167,147 49 286 75 
1980-89 279,245 42 659 319 
1990-99 504,823 50 971 435 
2000+ 657,597 55 1,541 480 

     
Age at diagnosis    
<50 439,294 53 609 205 
50 – 59 431,457 54 920 323 
60 – 69 420,494 51 1,145 466 
70 – 79 317,563 41 783 315 

     
Country     
Australia 46,993 58 175 96 
Austria 6,011 59 11 3 
Brazil 507 66 1 0 
Canada 50,634 59 414 239 
Denmark 57,663 49 391 162 
Estonia 11,043 45 28 0 
France 6,017 74 12 5 
Germany 236,846 57 653 113 
Iceland 960 96 6 2 
Ireland 13,594 45 35 14 
Israel 4,827 31 21 1 
Italy 39,188 52 35 8 
Japan 1,333 56 11 8 
Slovakia 28,139 65 68 13 
Slovenia 8,863 42 34 10 
Switzerland 802 79 1 1 
UK 343,984 54 373 228 
USA 751,408 45 1,188 386 

     
Total 1,608,812 50 3,457 1,309 

     
Table 6-1: Patient characteristics of lung cancer study. 

6.3.2 Mortality from lung cancer 

A univariable analysis found a significant 43% ipsilateral excess among irradiated women, 

compared to a non-significant 6% ipsilateral excess in unirradiated women (Figure 6-2).  These 

estimates were heterogeneous (2p=0.008) providing a strong argument for a radiation-related 

difference.   



DPhil Thesis: Katherine E Henson 
Chapter 6: Lung Cancer Risk Following Breast Cancer Radiotherapy  

146 

 

 

Figure 6-2: Microscopically confirmed lung cancer mortality ratio, ipsilateral versus contralateral, 
subdivided by radiotherapy status calculated using a univariable model. 
 

In order to remove dependence on a baseline, a multivariable model including time since 

diagnosis, age, calendar year, and country of diagnosis was used.  The estimates provided from 

this model were adjusted using a person-years weighted average across all of the levels of age, 

country, calendar year and time since diagnosis.  As shown in Figure 6-3, among women who 

were recorded as having received radiotherapy, the lung cancer mortality ratio for ipsilateral 

versus contralateral lung cancer was 1.65 (95% CI 1.30-2.21).  For unirradiated women, there was 

no significant ipsilateral excess in lung cancer deaths (1.26 95% CI 0.96-1.65).     
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Figure 6-3: Microscopically confirmed lung cancer mortality ratios, ipsilateral versus contralateral, 
subdivided by radiotherapy status and calculated using a multivariable model and additional person-
years weighting. 
 

Using univariable models with a baseline group of 0-4 years since diagnosis, <40 years 

old, diagnosed during 1953 to 1969 in the UK (Figure 6-4), significant heterogeneity was found by 

country (2p=0.02), and a significant linear trend was found by years since diagnosis, age (2p=0.09) 

and calendar year of diagnosis (2p=0.003).   
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Figure 6-4: Microscopically confirmed lung cancer mortality ratio, ipsilateral versus contralateral, in 
irradiated women estimated using univariable model subdivided by years since diagnosis, age, calendar 
year and country of treatment. 

This analysis was repeated using a multivariable model and additional person-years 

weighting (Figure 6-5).  The proportional increase in the mortality ratio, ipsilateral versus 

contralateral, was greatest at 15+ years after irradiation (2.75 95% CI 1.74-4.35) (Figure 6-5).  This 

trend of mortality ratios across time since diagnosis reached statistical significance (2p=0.05).  No 

significant trend was found by age at diagnosis (2p=0.51) or calendar year of diagnosis (2p=0.58).   

However, the mortality ratios by calendar period of diagnosis were suggestive of a decreasing 

trend.  Australia, Denmark and Germany all had a significant ipsilateral lung cancer excess, yet the 

heterogeneity across the countries did not reach statistical significant (2p=0.31).   
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Figure 6-5: Microscopically confirmed lung cancer mortality ratio, ipsilateral versus contralateral, in 
irradiated women subdivided by years since diagnosis, age, calendar year and country of treatment 
calculated using a multivariable model and additional person-years weighting. 
 

The lack of significant linear trend by age and calendar year of diagnosis in Figure 6-5 was 

surprising, and it was hypothesised that the highly significant increasing trend by years since 

diagnosis in Figure 6-4 might have cancelled out the other trends in the person-years weighted 

average.  To investigate this, the multivariable analysis was repeated, but without including years 

since diagnosis, see Figure 6-6.  The decreasing linear trend by calendar year of diagnosis was 

significant (2p=0.04).  However, there was no significant trend by age at diagnosis, and no 

significant heterogeneity by country of diagnosis.   
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Figure 6-6: Microscopically confirmed lung cancer mortality ratio, ipsilateral versus contralateral, in 
irradiated women subdivided by age, calendar year and country of treatment calculated using a 
multivariable model and additional person-years weighting. 
 

In order to directly compare the estimates for calendar period, Figure 6-7 shows the 

mortality ratios, ipsilateral versus contralateral, subdivided by calendar year of diagnosis, 

calculated using three models: univariable model; multivariable model with calendar year, age, 

country and time since diagnosis; multivariable model with calendar year, age and country of 

diagnosis.  This clearly shows that the significant decreasing trend found using a univariable 

model is cancelled out by inclusion of years since diagnosis in the multivariable model.   
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Figure 6-7: Microscopically confirmed lung cancer mortality ratio, ipsilateral versus contralateral, in 
irradiated women subdivided by calendar year of diagnosis calculated using three methods: a univariable 
model; a multivariable model with calendar year, age, country and time since diagnosis; and a 
multivariable model with calendar year, age and country of diagnosis. 

6.3.3 Cumulative mortality of lung cancer 

The cumulative mortality risk was calculated for microscopically confirmed lung cancer 

for an absolute measure (Figure 6-8).  The reference population used was the most recent values 

available at analysis (2010) for the 15 westernmost countries of the European Union.  This 

reference population represented the irradiated women diagnosed with subsequent contralateral 

lung cancer.  It is important to note that these reference rates were for all certified lung cancer 

deaths, and not only microscopically confirmed cases.  Therefore the cumulative mortality of this 

reference population may be an overestimation, but the relative values are accurate.  The relative 

risk ratios for each age group were applied to the cumulative mortality of the reference 
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population.  In order to account for the variation with time since diagnosis, the relative ratios 

used were age- and follow-up period specific.  For women diagnosed with breast cancer aged 45, 

55 and 65 and treated with radiotherapy, the cumulative mortality by age 80 of ipsilateral lung 

cancer did not exceed 4%.  The specific estimates that produced the cumulative mortality graphs 

are shown in Appendix F.  The absolute difference between ipsilateral and contralateral lung 

cancer in cumulative mortality by age 80 was greatest for women irradiated for breast cancer at 

age 55, with an absolute difference of 2%.  The absolute difference was 1.63% and 1.41% by age 

80 for women irradiated at age 45 and 65, respectively.  For women irradiated for breast cancer 

age 45 years, the cumulative mortality increased gradually until age 80.  In contrast, among 

women irradiated for breast cancer age 65, the cumulative mortality of ipsilateral lung cancer 

sharply increased for ten years, and then began to level off aged 75 years.   
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Figure 6-8: Cumulative mortality risk (%) of microscopically confirmed lung cancer in irradiated women 
subdivided by age at cancer diagnosis. 
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6.3.4 Variation in lung cancer mortality by treatment and tumour characteristics 

Among women recorded to have received radiotherapy, the lung cancer mortality ratio, 

ipsilateral versus contralateral, was 2.33 (95% CI 1.40-3.89) for women who also received 

chemotherapy, and 1.44 (95% CI 1.16-1.79) for women who did not receive chemotherapy (Table 

6-2).  This difference was borderline significant (2p=0.08).  The lung cancer mortality ratio was 

also greater among right-sided breast cancer patients (1.72 95% CI 1.36-2.16) than among  

left-sided breast cancer patients (1.21 95% CI 0.98-1.50).  This difference was significant 

(2p=0.03).  No heterogeneity existed between known categories of hormonal therapy, stage of 

breast cancer, surgery type or race in irradiated women.   
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Deaths 
Lung cancer 

mortality ratio 
(95% CI) 

Heterogeneity 
test * 

  Ipsilateral Contralateral χ² p-value 
       

Chemo-
therapy 
received 

Yes 49 21 2.33 (1.40-3.89) 3.03 0.08 

No 200 139 1.44 (1.16-1.79)   
Unknown 9 9 1.00 (0.40-2.52)   

 Not recorded
†
 130 103 1.26 (0.97-1.63)   

Hormonal 
therapy 
received 

Yes 100 75 1.33 (0.99-1.80) 1.48 0.22 

No 147 86 1.71 (1.31-2.23)   
Unknown 9 7 1.29 (0.48-3.45)   

 Not recorded 132 104 1.27 (0.98-1.64)   

Stage of 
breast 
cancer 

DCIS 
‡
 10 13 0.77 (0.34-1.75) 3.34 0.19 

Localised 162 122 1.33 (1.05-1.68)   
Regional 95 57 1.67 (1.20-2.31)   

 Metastatic 2 0 -   

 Unknown 66 43 1.53 (1.05-2.25)   

 Not recorded 52 36 1.44 (0.94-2.21)   

Surgery BCS 
§
 155 126 1.23 (0.97-1.56) 1.18 0.27 

 Mastectomy 62 39 1.59 (1.07-2.37)   

 None 2 4 0.50 (0.09-2.73)   

 Unknown 158 96 1.65 (1.28-2.12)   

 Not recorded 11 7 1.57 (0.61-4.05)   

Race Asian / Pacific 2 2 1.00 (0.14-7.10) 2.89 0.41 

 Black 6 2 3.00 (0.61-14.86)   

 White 164 121 1.36 (1.07-1.71)   

 Other 5 1 5.00 (0.58-42.80)   

 Unknown 37 24 1.54 (0.92-2.58)   

 Not recorded 174 122 1.43 (1.13-1.80)   

Laterality Left-sided 189 156 1.21 (0.98-1.50) 4.77 0.03 

 Right-sided 199 116 1.72 (1.36-2.16)   

       
   * Between known categories  
   † Data not provided by registry, including the period before common use of therapy 
   ‡ Ductal carcinoma in situ  
   § Breast conserving surgery 

Table 6-2: Microscopically confirmed lung cancer mortality ratio, ipsilateral versus contralateral, in 
irradiated women subdivided by chemotherapy and hormonal therapy receipt, stage of breast cancer, 
surgery type, race and laterality of breast cancer. 

6.3.5 Incidence of lung cancer 

Using a univariable model, the incidence ratio, ipsilateral versus contralateral, was  

1.15 (95% CI 1.05-1.26) and 1.02 (95% CI 0.93-1.13) for irradiated and unirradiated women, 

respectively (Figure 6-9).  These estimates were borderline heterogeneous (2p=0.08).   
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Figure 6-9:  Microscopically confirmed lung cancer incidence ratio, ipsilateral versus contralateral, 
subdivided by radiotherapy status and calculated using a univariable model. 

 

After an additional person-years weighted average (based on a multivariable model) was 

applied, the incidence ratio was 1.16 (95% CI 1.01-1.34) and 1.03 (95% CI 0.89-1.20) for irradiated 

and unirradiated women, respectively (Figure 6-10).  These two incidence ratios were not 

heterogeneous (2p=0.25).   

 

Figure 6-10: Microscopically confirmed lung cancer incidence ratios, ipsilateral versus contralateral, 
subdivided by radiotherapy status and calculated using a multivariable model and additional person-
years weighting. 
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Among those women recorded to have received radiotherapy, a 2-fold significant excess 

was seen at 15+ years after diagnosis.  Using a univariable model (Figure 6-11),   the increasing 

trend with years since diagnosis was highly significant (2p=0.04).  There was also a highly 

significant decreasing trend with age at diagnosis.  The proportional increase was greatest for 

women diagnosed before age 50, with an incidence ratio, ipsilateral versus contralateral, of  

1.34 (95% CI 1.08-1.65).  However, there was no significant linear trend (2p=0.08) with calendar 

year of diagnosis, and no significant heterogeneity (2p=0.37) between countries of diagnosis.   

 

Figure 6-11: Microscopically confirmed lung cancer incidence ratio, ipsilateral versus contralateral, in 
irradiated women estimated using a univariable model subdivided by years since diagnosis, age, calendar 
year and country of treatment. 
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The increasing linear trend with years since diagnosis was still present during analyses 

using a multivariable model (Figure 6-12).  At 15+ years since diagnosis the incidence ratio, 

ipsilateral versus contralateral, was 2.46 (95% CI 1.82-3.34).   No significant linear trend was 

found by age or calendar year of diagnosis, and no significant heterogeneity was found by country 

of diagnosis.   

 

 

Figure 6-12: Microscopically confirmed lung cancer incidence ratio, ipsilateral versus contralateral, in 
irradiated women subdivided by years since diagnosis, age, calendar year and country of treatment 
calculated using a multivariable model and additional person-years weighting. 
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6.3.6 Variation in lung cancer incidence by treatment and tumour characteristics 

Among women recorded to have received radiotherapy, the lung cancer incidence ratio, 

ipsilateral versus contralateral, was 1.60 (95% CI 0.52-4.89), 2.55 (95% CI 1.27-5.11) and  

1.06 (95% CI 0.92-1.21) for Asian/Pacific Islanders, black and white women, respectively.  These 

incidence ratios were heterogeneous (2p=0.03), and despite a low number of events, black 

women had the highest ipsilateral excess.  There was a significant difference between the 

incidence ratios, ipsilateral versus contralateral, for left-sided breast cancer patients and 

 right-sided breast cancer patients (2p<0.0001).  No significant heterogeneity existed between 

known categories of chemotherapy, hormonal therapy, stage of breast cancer or surgery type in 

irradiated women.   
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   Events 
Lung cancer 

incidence ratio 
(95% CI) 

Heterogeneity 
test * 

  Ipsilateral Contralateral χ² p-value 

       
Chemo-
therapy 
received 

Yes 124 91 1.36 (1.04-1.79) 0.82 0.36 
No 425 359 1.18 (1.03-1.36)   
Unknown 16 19 0.84 (0.43-1.64)   

 Not recorded† 392 362 1.08 (0.94-1.25)   
       
Hormonal 
therapy 
received 

Yes 196 166 1.18 (0.96-1.45) 0.07 0.79 
No 342 300 1.14 (0.98-1.33)   
Unknown 15 19 0.79 (0.40-1.55)   

 Not recorded 404 346 1.17 (1.011-1.35)   
       
Stage of 
breast 
cancer 

DCIS ‡ 33 39 0.85 (0.53-1.35) 1.90 0.39 
Localised 404 341 1.18 (1.03-1.37)   
Regional 229 204 1.12 (0.93-1.36)   

 Metastatic 4 0 -   
 Unknown 162 134 1.21 (0.96-1.52)   
 Not recorded 117 105 1.11 (0.86-1.45)   
       
Surgery Unknown 391 347 1.13 (0.98-1.30) 0.70 0.40 
 BCS § 136 106 1.13 (0.98-1.31)   
 Mastectomy 10 11 0.91 (0.39-2.14)   
 None 401 354 1.13 (0.98-1.31)   
 Not recorded 19 13 1.46 (0.72-2.96)   
       
Race Asian / Pacific 8 5 1.60 (0.52-4.89) 8.75 0.03 
 Black 28 11 2.55 (1.27-5.11)   
 White 421 398 1.06 (0.92-1.21)   
 Other 8 3 2.67 (0.71-10.05)   
 Unknown 61 47 1.30 (0.89-1.90)   
 Not recorded 431 367 1.17 (1.02-1.35)   
       

Laterality Left-sided 428 484 0.88 (0.78-1.01) 32.33 <0.0001 

 Right-sided 529 347 1.52 (1.33-1.75)   

       
   * Between known categories  
   † Data not provided by registry, including the period before common use of therapy 
   ‡ Ductal carcinoma in situ  
   §

 
Breast conserving surgery 

Table 6-3: Microscopically confirmed lung cancer incidence ratio, ipsilateral versus contralateral, in 
irradiated women subdivided by chemotherapy and hormonal therapy receipt, stage of breast cancer, 
surgery type, race and laterality of breast cancer. 
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6.4 Discussion 

6.4.1 Lung doses from radiotherapy regimens 

Women receive substantial doses to the ipsilateral lung during radiation for breast 

cancer.  A number of studies have estimated the mean dose received by the lung during radiation 

treatment using a variety of populations (Neugut, Lee et al. 1993, Inskip, Stovall et al. 1994, 

Prochazka, Hall et al. 2005).  The mean dose to the ipsilateral lung was in the range of 13 - 24Gy, 

compared to a range of 0.4-8.6Gy for the contralateral lung.  This study of the COBS cohort 

covered a wide range of calendar periods, which made it more difficult to estimate the treatment 

techniques that were used and subsequent lung doses received, as average mean lung dose 

received by women treated with breast cancer in a given decade depends on the prescribed 

target dose, the targets irradiated and the techniques used.   

Current average mean lung doses are around 7-18Gy for the ipsilateral, and 0.1-3Gy for 

the contralateral lung (Jagsi, Moran et al. 2010, Schubert, Gondi et al. 2011).  Therefore, modern 

treatment techniques have reduced the incidental radiation exposure that the lungs receive.  

Despite this, the present study found no reduction in the proportional risk in the more recent 

calendar periods of diagnosis, for both mortality and incidence.  This could suggest that radiation 

exposure is equally as harmful to the lungs at low doses.  It is also possible that follow-up of 

patients diagnosed more recently has not yet been long enough to detect a trend.  

6.4.2 Overall Findings  

This study has shown that in women diagnosed with breast cancer in 18 countries during 

1935-2008, mortality from subsequent microscopically confirmed lung cancer was significantly 

increased among irradiated women with ipsilateral tumours compared to women with 

contralateral tumours, and a significant difference between the rate ratios (ipsilateral versus 

contralateral) in irradiated and unirradiated women was found (2p=0.008) suggesting a  
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radiation-related effect.  In considering incidence, among women recorded to have received 

radiotherapy, a significant excess was found, but no significant difference (2p=0.08) was present 

between the incidence ratios for irradiated and unirradiated women, which was unexpected.  

However, for unirradiated women the ratio was very close to 1 (1.02 95% CI 0.93-1.13). 

A number of studies have investigated the risk of radiation-related lung cancer in 

observational data using a comparison of women treated to those not treated.  As discussed in 

Chapter 3, the conclusions derived from a treatment comparison using observational data are not 

reliable.  There are a variety of factors that influence the selection of a patient to treatment, for 

example: comorbidities, age, race and geographical location.  Therefore, a treatment comparison 

in observational data is a comparison of the women selected to treatment rather than the 

treatment effect.  As the lungs are a paired organ positioned behind the breasts, a comparison of 

ipsilateral versus contralateral lung cancer is equivalent to a comparison of higher versus lower 

radiation dose.  These results are reliable and have been shown to be in agreement with 

randomised evidence, thus only studies to use this comparison will be discussed here.    

6.4.3 Mortality from radiation-related lung cancer 

The present study found a significant 65% excess of ipsilateral microscopically confirmed 

lung cancer deaths, compared to contralateral deaths using a univariable model.  This means that 

women diagnosed with breast cancer and treated with radiotherapy are 65% more likely to be die 

from ipsilateral compared to contralateral lung cancer.  A radiation-related effect was suggested 

by analyses using a univariable model, with 2p of difference between the rate ratios subdivided 

by radiotherapy status of 0.0008.  This was in agreement with randomised evidence (Early Breast 

Cancer Trialists' Collaborative Group 2005) which found a rate ratio of fatal lung cancer events, 

irradiated versus unirradiated women, of 1.78 (SE: 0.22, 2p=0.0004).  However, when additional 

person-years weighting was applied, the difference between the irradiated and unirradiated 

estimates was no longer heterogeneous (2p: 0.12).  This may be explained by the wider 
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confidence intervals found by the multivariable model (1.69 95% CI 1.30-2.21 for RT+ women and 

1.26 95% CI 0.96-1.65 for RT- women).  Univariable analyses of time since diagnosis, age, calendar 

year and country of diagnosis found significant heterogeneity across the levels of these four 

factors.  Thus, a person-years weighted average of these four factors would introduce more 

variation resulting in wider confidence intervals.      

Only two studies have focused on the risk of lung cancer mortality associated with 

radiotherapy for breast cancer using observational data using a comparison of ipsilateral and 

contralateral lung cancer (Darby, McGale et al. 2005, Henson, McGale et al. 2013).   The most 

recent study was an updated version of the paper published in 2005, and used a more recent 

version of the public-use SEER registry data.  Both papers used a comparison of ipsilateral versus 

contralateral microscopically confirmed lung tumours among breast cancer patients.  The 

diagnosis period was 1973-2001 (Darby, McGale et al. 2005) and then an update up to 2008 

(Henson, McGale et al. 2013).  No excess was found in unirradiated women, but a significant 

mortality excess among ipsilateral tumours was found in women recorded to have received 

radiotherapy.  The lung cancer mortality ratio, ipsilateral versus contralateral, was  

1.41 (95% CI 1.19-1.70) and 1.30 (95% CI 1.16-1.45) for the two studies, respectively.  This was in 

agreement with the overall estimate of lung cancer mortality in this population, which was to be 

expected as SEER contributed information to the present study.     

6.4.4 Incidence of radiation-related lung cancer  

Unexpectedly, this study found no significant difference between the estimates in 

irradiated and unirradiated women in the incidence, ipsilateral versus contralateral, of lung 

cancer.  The overall lung cancer incidence ratio, ipsilateral versus contralateral, in irradiated 

women was 1.15 (95% CI 1.05-1.26) using a univariable model, and 1.16 (95% CI 1.01-1.34) using 

a multivariable model.  This means that there was a significant excess among ipsilateral lung 

cancer events as compared to contralateral lung cancer in irradiated women, which was 
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expected.  The meta-analysis of randomised controlled trials of early breast cancer found a 

significant incidence of lung cancer events in the irradiated group (2p=0.0007) with a rate ratio of 

1.61 (SE: 0.18) (Early Breast Cancer Trialists' Collaborative Group 2005).  Therefore, the incidence 

rate found in COBS suggested a lower risk, but was consistent with randomised evidence.  

However, a heterogeneity test between the incidence ratio for irradiated and unirradiated 

women found no significant difference, which was not expected, but reassuringly the rate ratio in 

unirradiated women was very close to 1.    

Again, the ipsilateral excess among irradiated women, and lack thereof among 

unirradiated women, was in agreement with the literature and findings from the mortality 

analysis presented in the first half of this chapter.  However, it was expected that a significant 

difference would exist between the incidence ratios of the irradiated and unirradiated group, 

particularly as this was the case in the mortality analyses presented.  The risks for  

radiation-related lung cancer have been shown to vary by certain factors.  Variations in the 

distribution of these factors among the women who contributed to the mortality compared to 

the incidence analyses may explain the unexpected result.  For example, a greater proportion of 

women had known chemotherapy status in the mortality analysis than those who contributed to 

the incidence analysis (62% vs 56%).  It has been shown that the concurrent use of several 

chemotherapeutic agents with radiotherapy has increased the risk of radiation-related lung injury 

(Merril 2014), which was also suggested in the mortality analyses presented in Table 6-2.  Thus, 

the women with unknown chemotherapy status in the mortality analysis may actually have 

received chemotherapy, but the women in the incidence analysis may not have received 

chemotherapy, contributing to the difference in the overall findings.       

It was not possible to distinguish between radiation-related lung cancers or otherwise or 

to control for patient characteristics and genetics that may have predisposed women to lung 

cancer but that were not recorded in the COBS cohort.  This may be a partial explanation, as some 
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of the incidence of lung cancer among this COBS population may have been due to other causes 

than radiotherapy.  For instance, the mean time of lung cancer incidence was shorter than the 

mean time to lung cancer death, with 6.5 and 8.1 years respectively.  Section 6.4.5 discusses the 

latency period shown to exist in radiation-related lung cancer, which was usually of at least a 

decade.  Therefore, the shorter mean time to lung cancer incidence may suggest that a 

proportion of the incident lung cancer cases may be due to non-radiation-related causes.  

Consider the time period 15+ years.  The incidence ratio (using the univariable model) for women 

recorded to have received radiotherapy was 2.31 (95% CI 1.76-3.04, see Figure 6-11) and for 

women not recorded to have received radiotherapy was 1.18 (95% CI 0.90-1.56), where 2p for 

difference was 0.0008.  Therefore, suggesting a radiation-related effect in the second decade 

since treatment and this was in agreement with the literature on the latency period of  

radiation-related lung cancer.  When all time periods were considered together the  

radiation-related effect was not suggested, but this may be due to the fact that the large 

proportion (48%) of events occurred in the first five years, and so the smaller incidence ratio 

found in the earlier time periods would have the greatest influence on the overall estimate.   

Three papers investigated the incidence of lung cancer using a comparison of ipsilateral 

and contralateral lung tumours (Neugut, Lee et al. 1993, Prochazka, Granath et al. 2002, 

Prochazka, Hall et al. 2005).  Prochazka published two studies using the Swedish Cancer Registry 

data.  The most recent study took a case-only approach, in which every woman contributed a pair 

of lungs, allowing for a comparison of concordant versus discordant lung cancer.  An overall 

excess of concordant lung cancer was found, with an estimate of 2.04 (95% CI 1.24-3.36).  This 

was substantially higher than the result of the present study.  The earlier Prochazka paper, with 

an average follow-up of 12.2 years did not find an overall ipsilateral excess.  However, the 

incidence ratio reached statistical significance in the second decade of follow-up  

(2.0, 95% CI 1.3-3.0).  In addition, the authors investigated the effect of both smoking and 
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radiotherapy on lung cancer risk in women with previous breast cancer (Prochazka, Granath et al. 

2002) using a comparison to the population.  It was found that the birth cohorts with a higher 

smoking prevalence also had a higher risk of lung cancer. An ipsilateral lung cancer excess was 

found 10+ years after diagnosis, but explicit analyses were not performed on the interaction 

between smoking and radiotherapy status.  Analyses of women diagnosed during 1973-86 in the 

SEER data (Neugut, Lee et al. 1993) found a non-significant excess of ipsilateral events, which 

became borderline significant after ten years.  Variations in the incidence ratios observed 

between the studies presumably reflect differences between the populations, in terms of patient 

and treatment characteristics.  The distribution of patients across the era of diagnosis and age 

range, the treatment dose and technique, and the length of follow-up could all influence the 

magnitude of the radiation-related lung cancer risk. 

As mentioned in Chapter 1, a study using the SEER cancer registry data found an 

increased risk of lung cancer among ER negative patients (Schonfeld, Curtis et al. 2012).  This was 

considered to be a hypothesis generating result.  In this COBS study, no difference was found in 

the risk of lung cancer among ipsilateral and contralateral tumour patients, regardless of 

radiotherapy status (data not shown).  Nalbantov and colleagues also found that cardiac 

comorbidity increased the risk of radiation-related lung cancer (Nalbantov, Kietselaer et al. 2013).  

This was not confirmed by the present study, which found no significant heterogeneity in the lung 

cancer risk by prior heart disease (data not shown). 

6.4.5 Latency period of radiation-related lung cancer 

An increasing trend was apparent with continued follow-up in the present study.  The 

trend was highly significant for both events (2p=0.04) and deaths (2p=0.0008) in the univariable 

model, and was confirmed in the multivariable model among the lung cancer events (2p=0.004), 

but not deaths (2p=0.30).  The greatest proportional risk was evident in the second decade since 

treatment, with an almost tripling of risk for both mortality and incidence of lung cancer.  This 
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was in agreement with other studies, which found lung cancer to have a long latency, with much 

less hazard during the first decade (Neugut, Lee et al. 1993, Inskip, Stovall et al. 1994, Travis 1995, 

Prochazka, Granath et al. 2002, Darby, McGale et al. 2005, Prochazka, Hall et al. 2005, Brown, 

Chen et al. 2007, Henson, McGale et al. 2013).  

6.4.6 Treatment effects other than radiotherapy and effect of laterality on lung cancer risk 

Chemotherapy receipt was not recorded for all women included in this study, but the 

ipsilateral proportional excess was greater in women who received both chemotherapy and 

radiotherapy than in patients who only received radiotherapy.  This difference was borderline 

significant for the mortality analysis (2p=0.08).  One study with only 5.2 years of follow-up found 

no combined effect of radiotherapy and chemotherapy in women treated during 1970-81 (Lavey, 

Eby et al. 1990).  A retrospective review of women enrolled on five randomised trials who all 

received chemotherapy also found low rates of radiotherapy associated lung complications 

(Woodward, Strom et al. 2003).  Polychemotherapy has been shown to increase the risk of lung 

cancer events, both fatal and non-fatal, in meta-analysis of 144,939 women and 4,675 deaths in 

194 randomised trials (Early Breast Cancer Trialists' Collaborative Group 2005).   The rate ratio, 

polychemotherapy versus not, was 1.35 (95% CI 0.73-2.49) for fatal lung cancer events and  

1.26 (95% CI 0.82-1.95) for lung cancer incidence.  This analysis was based on 30 lung cancer 

deaths and 57 lung cancer events in women treated with polychemotherapy, and so the statistical 

power of the analysis was limited by these low numbers.  This suggests that there was the 

potential for an interaction, but it will need to be replicated elsewhere before any conclusions are 

drawn. 

Other studies have found that the radiation-related lung cancer risks are higher after 

mastectomy than after breast conserving surgery (Obedian, Fischer et al. 2000, Kaufman, 

Jacobson et al. 2008).  This was also shown in the context of a randomised trial (Deutsch, Land et 

al. 2003).  It has been suggested that this may be a reflection on the differing volumes of normal 
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tissue that remain in the treatment fields after the two types of surgery (Travis, Ng et al. 2012).  

Patients who undergo a mastectomy often have more advanced disease, and if they are selected 

to receive radiotherapy are more likely to receive irradiation to nodal areas, thus adding to the 

total lung-dose volume.  The present study did not find any significant differences in the risks of 

ipsilateral lung cancer among irradiated patients, for either mortality or incidence.  There was a 

greater excess of ipsilateral lung cancer deaths after mastectomy than breast conserving surgery, 

but this difference in mortality ratios was not statistically significant.     

This study suggested that the ipsilateral excess was greater among irradiated women with 

right-sided breast cancer than among irradiated women with left-sided breast cancer.  This may 

be due to the fact that there is a higher volume exposed to radiation in the right lung, as the left 

lung is shielded by the heart.  It is also interesting to note that the majority of lung cancers are 

found in the airways and not in the peripheral lung, particularly among cases attributed to 

smoking.  Most treatment regimens however, deliver low doses to the airways, with the highest 

dose delivered to the anterior of the lung, and the bottom portion.  This is further evidence that 

the cases investigated in this chapter could be related to radiotherapy, particularly among  

right-sided breast cancer patients, and further research is needed on this interaction.  Also, an 

ipsilateral excess was also found among right-sided breast cancer patients (data not shown).  This 

may indicate the presence of misclassification by laterality.  In general, a number of cancers are 

found in the middle of the lung, and are therefore difficult to classify as left-sided or right-sided.   

6.4.7 Strengths of study 

The main strengths of this study are the size of the population-based cohort, and its 

extended follow-up.  It is the largest cohort available to investigate the risk of radiation-related 

lung disease.  The cohort size and person-years of follow-up allow investigation over a wide range 

of ages, follow-up and calendar periods.   
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Within the literature, there has yet to be many studies to investigate the mortality risk of  

radiation-related lung cancer, and the majority of studies published have focused on incidence.  

This is likely due to the low numbers of events, and even lower numbers of deaths, which the 

COBS study overcame.   

The selection effects, and the other biases inherent in observational data, have been 

minimised through the comparison of ipsilateral and contralateral lung cancer.  Breast cancer 

laterality had little influence on treatment selection, allowing an independent comparison of 

more or less lung cancer dose.   

6.4.8 Limitations of study  

As with the other studies presented in this thesis, one potential limitation of this study is 

the lack of individual treatment information, such as radiotherapy dose, beam type, fractionation 

schedule.  The aim of the COBS collaboration was to collect a small number of data items on a 

large number of individuals.  The treatment information was thus limited to a record of “Yes / No 

/ Unknown” for radiotherapy, chemotherapy and hormonal therapy.  This lack of treatment 

information prevents any detailed analyses on the effect of radiotherapy, or the  

dose-response relationship.   

A second potential limitation of this study was the lack of smoking information.  Due to 

the nature of the laterality comparison, smoking is not likely to be a confounder, but it is a known 

risk factor for lung cancer which could not be studied.  A number of population-based studies 

have assessed the relative role of both radiotherapy and smoking in the risk of lung cancer after 

breast cancer treatment (Neugut, Murray et al. 1994, Obedian, Fischer et al. 2000, Ford, 

Sigurdson et al. 2003, Kaufman, Jacobson et al. 2008), and found a significant interaction between 

the two.  A multiplicative effect was found between smoking and radiotherapy, resulting in a rate 

ratio (smoking + radiotherapy versus neither) of  
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9.0 (95% CI 5.08-15.95) (Ford, Sigurdson et al. 2003), 37.6 (95% CI 10.2-139.0) (Kaufman, 

Jacobson et al. 2008) and 32.7 (95% CI 6.9-154) (Neugut, Murray et al. 1994).  Smoking 

independently increased the lung cancer risk, with persistent smoking associated with the 

greatest risk, but radiotherapy was not independently associated with lung cancer risk in these 

populations. 

6.4.9 Conclusion 

The present study, together with the available literature, may indicate that the 

carcinogenic radiotherapy effects were limited, but not isolated, to the ipsilateral lung.  The 

radiation-related risk appeared to be mainly present in the second decade following treatment.  

Thus, long-term monitoring of patients is still of great importance, particularly of those treated in 

more recent decades.   
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7.1 Introduction 

Survivors of cancer diagnosed in teenagers or young adults aged 15-39 are internationally 

acknowledged as an understudied population(Adolescent and Young Adult Oncology Progress 

Review Group 2006).  The majority of published survivorship research has focused on survivors of 

either specific cancers of mature adulthood, or childhood cancer, with individuals diagnosed with 

TYA cancers falling into a gap in medical practice and research (Pollock and Birch 2008, Stock, La 

et al. 2008, Desandes, Lacour et al. 2013).  Findings from studies of adult and childhood 

populations should not be extrapolated to populations of individuals diagnosed with teenage and 

young adult cancers as they are distinct in terms of tumour distribution, hormonal factors (for 

example puberty, pregnancy), socio-economic and lifestyle factors (for example mobile 

population, early career), reluctance or readiness to engage with clinicians and tumour biology 

(Scottish Intercollegiate Guidelines Network , Skinner, Wallace et al. , Landier, Bhatia et al. 2004, 

Fernandez and Barr 2006, Bleyer, Barr et al. 2008, National Cancer Research Institute 2008, 

Croucher, Whelan et al. 2009, Tonorezos and Oeffinger 2011, Coccia, Altman et al. 2012).     

Heart disease has been found to be the leading cause of non-neoplastic death among a 

number of populations of cancer survivors: childhood cancer (Moller, Garwicz et al. 2001, 

MacArthur, Spinelli et al. 2007, Armstrong, Liu et al. 2009, Mulrooney, Yeazel et al. 2009, Reulen, 

Winter et al. 2010), Hodgkin lymphoma (Ng, Bernardo et al. 2002, Aleman, van den Belt-Dusebout 

et al. 2003, Swerdlow, Higgins et al. 2007), and breast cancer.  Particularly among individuals 

diagnosed at a young age (namely childhood cancer survivors) this excess of heart disease is 

substantially higher as compared to the general population or a control population.  Chapters 4 

and 5 investigated the heart disease mortality and incidence risk among a large observational 

cohort of breast cancer survivors.  Those chapters demonstrated that the risk of radiation-related 

heart disease, with respect to both fatal and non-fatal events, was greater among patients who 

received radiation to the left-sided breast, thereby receiving a greater radiation dose to the heart, 
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compared to right-sided breast cancer patients.  Importantly, this risk was proportionally greater 

in younger women, and extended into the third decade since treatment.  This has previously been 

demonstrated in meta-analyses of randomised controlled trials (Early Breast Cancer Trialists' 

Collaborative Group 2005, Early Breast Cancer Trialists' Collaborative Group 2014).  

Chemotherapy has also been shown to increase the risk of heart disease among breast cancer 

patients (Early Breast Cancer Trialists' Collaborative Group 2005).   

As yet, the risk of heart disease mortality has not been investigated comprehensively 

within the teenage and young adult cancer population.  Only two studies have analysed  

cause-specific mortality among individuals diagnosed with cancer in the age range of 15-39 

(Prasad, Signorello et al. 2012, Kero, Jarvela et al. 2014), but modest cohort sizes (n=9,245 and 

n=16,769) left a number of questions unanswered, particularly regarding the specific mortality 

risk from heart disease (as opposed to all cardiovascular diseases combined) and how this risk 

varies, especially by specific cancer types.  Thus, there is clearly a great need for accurate 

estimates of cardiac risk among TYA cancers, particularly in the long-term.  In addition, coronary 

heart disease is the leading cause of death in the UK; therefore any additional heart disease risk 

associated with cancer and its treatment could result in a large public health impact.  This is 

particularly relevant among individuals diagnosed with cancer at this young age as they have 

potentially many decades to live in which they could develop late effects.     

7.2 Aim 

The objective of this large-scale population-based study was to investigate the long-term 

risk of heart disease mortality within the population of 5-year survivors of cancer diagnosed in 

individuals aged 15-39.  This cohort is the largest yet in this age range, with over 230,000 5-year 

survivors and 3 million person-years of follow-up which extended to at least 25 years from cancer 

diagnosis for 28% of the cohort.  This has over 9 times more cancer survivors than the two 

published studies combined to investigate cause-specific mortality (Prasad, Signorello et al. 2012, 
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Kero, Jarvela et al. 2014).  This chapter aimed to provide a comprehensive overview of cardiac 

mortality risk for the entire spectrum of first primary tumours diagnosed amongst teenagers and 

young adults.   

7.3 Results  

7.3.1 Characteristics of the study population 

This cohort consisted of 233,081 5-year survivors of cancer diagnosed aged 15-39, 

contributing a total of 3,325,102 person-years with an average follow-up of 14.3 years from  

5-year survival (19.3 years post cancer diagnosis).  By the end of February 2014, 36,868 (16%) of 

the cohort had died, including 2,327 (6%) where the cause of death was heart disease.  The 

cardiac subtypes were: 1,812 (78%) ischaemic heart disease, 243 (10%) cardiomyopathy and 

congestive heart failure, 114 (5%) valvular heart disease, 40 (2%) rheumatic valvular heart 

disease, 24 (1%) arrhythmias, 18 (1%) pericardial heart disease and 76 (3%) deaths due to other 

cardiac causes.  Hodgkin lymphoma survivors experienced the greatest number of cardiac deaths, 

with 469 out of 2,327 deaths.  The majority of the cohort consisted of individuals diagnosed at 

older ages; with 6% diagnosed with cancer aged 15-19, compared to 40% aged 35-39.  Refer to 

Table 7-1 for a detailed description of the cohort.   
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5-year 

survivors 
Total 

Deaths 
Cardiac 
Deaths 

Cardiac deaths 
over total (%) 

      
Total 233,081 36,868 2,327 (6.3) 

      
Gender     
 Male 90,970 13,504 1,460 (10.8) 
 Female 142,111 23,364 867 (3.7) 
      
Age at Cancer Diagnosis     
 15-19 13,046 1,453 99 (6.8) 
 20-24 23,100 2,523 168 (6.7) 
 25-29 40,347 4,984 328 (6.6) 
 30-34 63,460 9,843 565 (5.7) 
 35-39 93,128 18,065 1,167 (6.5) 
      
Calendar Year of Cancer Diagnosis    
 1970-79 28,737 10,471 1,082 (10.3) 
 1980-89 58,756 13,443 852 (6.3) 
 1990-99 77,642 9,407 327 (3.5) 
 2000+ 67,946 3,547 66 (1.9) 
      
Years since Cancer Diagnosis    
 5-9 43,617 15,074 296 (2.0) 
 10-14 50,433 6,936 332 (4.8) 
 15-19 41,197 4,650 391 (8.4) 
 20-24 33,058 3,795 433 (11.4) 
 25-29 28,017 3,064 393 (12.8) 
 30+ 36,759 3,349 482 (14.4) 
      
First Primary Cancer     
 Breast 35,689 10,489 212 (2.0) 

 NMSC 27,372 1,816 256 (14.1) 

 Testicular 24,537 2,024 275 (13.6) 

 Cervix 22,669 2,628 155 (5.9) 

 Melanoma 22,102 2,298 61 (2.7) 

 Hodgkin 16,703 3,058 469 (15.3) 

 CNS tumour 16,609 3,913 140 (3.6) 

 Other 11,373 2,019 149 (7.4) 

 NHL 9,811 1,777 130 (7.3) 

 Thyroid 7,686 408 38 (9.3) 

 Other GU 7,248 1,234 151 (12.2) 

 GI 7,057 1,392 74 (5.3) 

 Ovary 6,383 744 23 (3.1) 

 STS 5,639 798 49 (6.1) 

 Leukaemia 4,942 948 37 (3.9) 

 Head & Neck 3,875 680 53 (7.8) 

 Bone Tumour 2,210 361 19 (5.3) 

 Lung 1,176 281 36 (12.8) 

      
Attained Age (Years)     
 20-39 31,487 7,433 157 (2.1) 
 40-49 83,015 15,398 641 (4.2) 
 50-59 68,369 8,248 769 (9.3) 
 60+ 50,210 5,789 760 (13.1) 
      

Table 7-1: Patient characteristics of the TYACSS. 
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7.3.2 Mortality risk of all heart disease combined  

7.3.2.1 All First Primary Cancers 

The SMR (standardised mortality ratio) for all types of heart disease combined was  

1.29 (95% confidence interval 1.24, 1.34) and the AER (absolute excess rate) per 10,000  

person-years was 1.57 (95% CI 1.29 - 1.85).  Deaths from heart disease accounted for 2% of all 

excess deaths from any cause, and the proportion due to heart disease increased slightly with 

attained age, contributing 1% among ages 20-39 compared to 3% at age 60+ (Table 7-4).   

A highly significant decreasing trend (2p<0.0001) with age at cancer diagnosis was shown 

for both SMRs and AERs (Table 7-3).   The SMR was greatest for individuals diagnosed with cancer 

aged 15-19 (4.39 95% CI 3.6 - 5.3), and subsequently decreased to 1.10 (1.0, 1.2) aged 35-39.  The 

AERs declined with age, ranging from AER=3.75 (95% CI 2.8 - 4.7) to AER=0.86 (95% CI 0.3 - 1.4) 

following diagnosis at ages 15 to 19 and ages 35 to 39, respectively, 2p<0.0001.   

The SMRs were homogenous across decade of cancer diagnosis, 2p=0.39, with cancer 

survivors at 1.3-fold increased cardiac mortality compared to the general population (Table 7-3).  

However, there was evidence of a decline in AERs across the decade of diagnosis (2p<0.0001).  

Appendix Table G-3 demonstrated an increase in AERs with attained age (2p<0.0001).  The AER 

among those aged 60+ was 8-fold that among those aged 20 to 39.  There was a decreasing trend 

with attained age for the SMRs (2p<0.0001, Table 7-3).   

The highest estimate of cardiac mortality, in terms of both SMRs and AERs, was observed 

after Hodgkin lymphoma (SMR: 3.88 95% CI 3.5 - 4.3), AER: 13.2 (95% CI 11.6 - 14.8)).  The first 

primary cancer groups with a significantly raised SMR for cardiac mortality were: leukaemia  

(1.91 95% CI 1.4 - 2.6), lung cancer (1.89 95% CI 1.4 - 2.6), non-Hodgkin lymphoma  

(1.72 95% CI 1.5 - 2.0), CNS tumours (1.46 95% CI 1.2 - 1.7), genitourinary cancers  

(1.41 95% CI 1.2 - 1.7), cervical cancer (1.30 95% CI 1.1 - 1.5) and breast cancer  

(1.24 95% CI 1.1 - 1.4).   Heterogeneity existed across the cancer types for both SMRs and AERs 
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(2p<0.0001).  Therefore, the cancers with at least 100 cardiac deaths and a significantly elevated 

SMR were investigated separately.  See  

Table 7-2 below for a summary of the main findings for all cancers combined, and the specific 

cancer groups using both the SMR, AER and adjusted results.  See Appendix Tables G-2, G-3, G-4 

and G-5 for multivariable estimates of the SMRs and AERs.  These adjusted estimates were 

calculated to check that the SMR and AER estimates were robust.  See Chapter 2 Section 2.3.2 for 

an explanation of this methodology. 
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Table 7-2: Summary of key findings for all heart disease combined, based on Tables 7-3, 7-5, 7-6, 7-7, and 
Appendix Tables. 

A blank cell indicates that the key message is the same as for all cancers combined. 
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 All heart disease 

 O 
SMR 

(95% CI) 

AER per 10,000 

(95% CI) 

     

Total 2,327 1.29 (1.24-1.34) 1.57 (1.29-1.85) 

     

Gender    

 Male 1,460 1.24    [1.2,1.3] 2.18    [1.6,2.8] 

 Female 867 1.38    [1.3,1.5] 1.18    [0.9,1.5] 

2p for heterogeneity 0.02 0.002 

Age at cancer diagnosis  

 15-19 99 4.39    [3.6,5.3] 3.75    [2.8,4.7] 

 20-24 168 2.38    [2.1,2.8]   2.73    [2.0,3.4] 

 25-29 328 1.67    [1.5,1.9] 2.18    [1.6,2.8] 

 30-34 565 1.24    [1.1,1.3] 1.21    [0.7,1.7] 

 35-39 1,167 1.10    [1.0,1.2] 0.86    [0.3,1.4] 

 2p for trend <0.0001 <0.0001 

Calendar year of cancer diagnosis   

 1970-79 1,082 1.25    [1.2,1.3] 2.82    [2.0,3.7] 

 1980-89 852 1.34    [1.3,1.4] 1.81    [1.3,2.3] 

 1990-99 327 1.29    [1.2,1.4] 0.75    [0.4,1.1] 

 2000+ 66 1.27    [1.0,1.6] 0.38  [-0.06,0.8] 

 2p for trend 0.39 <0.0001 

Years since cancer diagnosis   

 5-9 296 1.36    [1.2,1.5] 0.72    [0.4,1.0] 

 10-14 332 1.07    [1.0,1.2] 0.28   [-0.2,0.7] 

 15-19 391 1.07    [1.0,1.2] 0.43   [-0.2,1.1] 

 20-24 433 1.10    [1.0,1.2] 0.99  [-0.02,2.0] 

 25-29 393 1.08    [1.0,1.2] 1.15   [-0.4,2.7] 

 30+ 482 1.17    [1.1,1.3] 3.70    [1.4,6.0] 

 2p for trend 0.30 0.30 

Attained Age (years)   

 20-39 157 2.64    [2.3,3.1] 1.24    [0.9,1.6] 

 40-49 641 1.54    [1.4,1.7] 1.60    [1.2,2.0] 

 50-59 769 1.22    [1.1,1.3] 1.70    [1.0,2.4] 

 60+ 760 1.09    [1.0,1.2] 1.91    [0.3,3.5] 

 2p for trend <0.0001 0.09 
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First Primary Cancer   

Breast 212 1.24    [1.1,1.4] 0.95    [0.3,1.6] 

NMSC 256 0.82    [0.7,0.9] -1.45  [-2.2,-0.7] 

Testicular 275 0.98    [0.9,1.1] -0.12   [-1.0,0.8] 

Cervix 155 1.30    [1.1,1.5] 0.97    [0.3,1.6] 

Melanoma 61 0.51    [0.4,0.7] -2.05  [-2.6,-1.5] 

Hodgkin 469 3.88    [3.5,4.3] 13.2  [11.6,14.8] 

CNS tumour 140 1.46    [1.2,1.7] 2.05    [1.0,3.1] 

Other 149 1.25    [1.1,1.5] 1.44    [0.3,2.6] 

NHL 130 1.72    [1.5,2.0] 4.23    [2.5,6.0] 

Thyroid 38 0.95    [0.7,1.3] -0.18   [-1.3,0.9] 

Other GU 151 1.41    [1.2,1.7] 3.72    [1.7,5.8] 

GI 74 0.90    [0.7,1.1] -0.86   [-2.6,0.8] 

Ovary 23 0.87    [0.6,1.3] -0.39   [-1.4,0.6] 

STS 49 1.25    [0.9,1.6] 1.22   [-0.5,3.0] 

Leukaemia 37 1.91    [1.4,2.6] 3.05    [1.0,5.1] 

Head & Neck 53 1.20    [0.9,1.6] 1.59   [-1.0,4.1] 

Bone Tumour 19 1.44    [0.9,2.3] 1.75   [-0.8,4.3] 

Lung 36 1.89    [1.4,2.6] 9.26   [2.8,15.7] 

2p for heterogeneity <0.0001 <0.0001 

    

 
Table 7-3: SMR and AERs subdivided by gender, age at cancer diagnosis, calendar year of cancer 
diagnosis, years since cancer diagnosis, attained age and first primary cancer for all heart disease 
combined. 
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7.3.2.2 Hodgkin lymphoma Survivors  

Survivors of Hodgkin lymphoma experienced 14% of all excess deaths due to cardiac 

causes and the proportion increased substantially with attained age reaching 27% among 

survivors aged 60+ (see Table 7-4).   

 
AER (% of all cause) by Attained Age  

Total AER (%) 
20-39 40-49 50-59 60+ 

           

All Cancers Combined [% of cardiac] 

IHD 0.79 [63.7] 1.06 [66.7] 1.13 [66.5] 0.97 [51.1] 1.00 (63.7) 

Valvular HD 0.06 [4.8] 0.12 [7.5] 0.37 [21.8] 0.50 [26.3] 0.21 (13.4) 

Cardiomyopathy 
/ CHF 

0.30 [24.2] 0.25 [15.7] 0.05 [2.9] -0.004 [-0.2] 0.19 (12.1) 

Other HD 0.09 [7.3] 0.16 [10.1] 0.15 [8.8] 0.45 [23.7] 0.17 (10.8) 

      

Cardiac 1.24 (1.4) 1.6 (1.8) 1.7 (2.9) 1.9 (3.2) 1.57 (2.0) 

All cause 86.1 91.2 59.1 59.1 79.0 

           

Breast Cancer 

Cardiac 1.17 (0.3) 0.72 (0.3) 0.72 (0.5) 2.15 (2.5) 0.95 (0.5) 

All cause 365.1 262.2 131 85.4 208.3 

           

Cervical Cancer 

Cardiac 0.42 (1.0) 0.69 (1.8) 0.94 (2.7) 2.86 (4.1) 0.97 (2.3) 

All cause 40.4 38.9 34.9 70 41.6 

           

Hodgkin lymphoma 

Cardiac 3.94 (5.1) 12.3 (16.1) 25.5 (21.0) 54.4 (27.1) 13.2 (14.5) 

All cause 77.7 76.5 121.3 200.8 91.1 

           

CNS Tumours 

Cardiac 1.58 (0.8) 1.09 (0.7) 3.93 (4.0) 4.84 (5.7) 2.05 (1.3) 

All cause 187.2 167.1 98.6 85.1 155.4 

      

Non-Hodgkin lymphoma 

Cardiac 1.75 (2.2) 4.51 (3.5) 3.89 (3.7) 13.8 (12.7) 4.23 (3.9) 

All cause 79.5 129.1 105.3 108.3 107.7 

           

Other GU 

Cardiac 6.66 (13.0) 3.85 (5.1) 0.79 (1.8) 6.53 (10.7) 3.72 (6.2) 

All cause 51.3 74.8 42.9 61.3 60.1 

           

Table 7-4: Proportion of total AER of cardiac deaths, subdivided by attained age and main cancer groups 
for all heart disease combined. 

The cumulative mortality was also greatest for individuals diagnosed with Hodgkin 

lymphoma at a younger age; by age 55, the cumulative mortality was 6.8% for individuals 



DPhil Thesis: Katherine E Henson 
Chapter 7: Cardiac Mortality Risk among TYA Cancer Survivors   

182 

 
diagnosed at 15-19 years compared to 1.9% for 35-39 years (log-rank 2p < 0.0001).  The 

corresponding range expected was 0.7% to 0.9% (Figure 7-1).  For all other cancers there was no 

difference in the cumulative mortality by age at cancer diagnosis with 2p>0.15 (Appendix Figure 

G-1).   

 

 

Figure 7-1:  Cumulative mortality by attained age of all heart disease combined for Hodgkin lymphoma  
5-year survivors, subdivided by age at cancer diagnosis and observed versus expected deaths. 

Individuals diagnosed with Hodgkin lymphoma at a young age were at considerable risk, 

with an SMR of 10.7 (95% CI 8.3 - 13.7) for those diagnosed aged 15-19.  Table 7-5 demonstrated 

an increasing trend in the AERs with attained age (2p<0.0001), and the AER per 10,000  

person-years at ages 60+ was 54.4 (95% CI 39.8 - 69.0).  However, no trend across attained age 

was found for SMRs (2p=0.23, Appendix Table G-5).     
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7.3.2.3 Non-Hodgkin lymphoma Survivors 

Table 7-4 demonstrated that among survivors of non-Hodgkin lymphoma, 4% of the total 

excess deaths were due to heart disease.   The proportion of excess deaths due to heart disease 

increased strongly with attained age, reaching 13% among those aged at least 60. 

Among individuals diagnosed with non-Hodgkin lymphoma, survivors were at a 1.7-fold 

risk of cardiac mortality compared to the general population, which was homogeneous across 

treatment decade (Table 7-5).  After adjustment, no trend was present across the SMRs by age at 

cancer diagnosis or attained age (Appendix Table G-5).  There was also no trend present across 

AERs after adjustment for all factors.   
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  Hodgkin lymphoma Non-Hodgkin lymphoma 

 
 SMR 

(95% CI) 
AER per 10,000 

(95% CI) 
SMR 

(95% CI) 
AER per 10,000 

(95% CI) 

      
Total 3.88 [3.5,4.3] 13.2 [11.6,14.8] 1.72    [1.5,2.0] 4.23    [2.5,6.0] 

      

Gender     

 Male 3.48    [3.1,3.9] 16.8  [14.3,19.2] 1.53    [1.3,1.9] 4.25    [1.8,6.7] 
 Female 5.91    [4.9,7.1] 8.59   [6.7,10.4] 2.76    [2.0,3.9] 4.21    [2.0,6.5] 

2p for het <0.0001 <0.0001 0.006 0.98 

Age at cancer diagnosis    

 15-19 10.7   [8.3,13.7] 11.8   [8.5,15.0] 1.81    [0.6,5.6] 0.97   [-1.5,3.4] 
 20-24 5.66    [4.6,7.0] 10.4   [7.8,13.1] 2.52    [1.3,4.8] 3.21   [-0.3,6.7] 
 25-29 3.78    [3.1,4.6] 11.4   [8.4,14.5] 2.24    [1.4,3.5] 4.51    [0.9,8.1] 
 30-34 3.28    [2.7,4.0] 15.4  [11.2,19.6] 2.17    [1.6,3.0] 7.01   [3.0,11.0] 
 35-39 2.80    [2.3,3.4] 20.3  [14.6,26.1] 1.36    [1.0,1.8] 3.54   [0.07,7.0] 

2p for trend <0.0001 0.006 0.03 0.09 

Calendar year of cancer diagnosis     

 1970-79 4.35    [3.9,4.9] 27.5  [23.3,31.7] 1.69    [1.3,2.2] 8.40   [2.9,13.9] 
 1980-89 3.16    [2.7,3.8] 8.99   [6.7,11.3] 1.53    [1.1,2.1] 3.35    [0.4,6.3] 
 1990-99 3.59    [2.7,4.7] 5.27    [3.2,7.3] 2.28    [1.6,3.3] 4.03    [1.5,6.6] 
 2000+ 5.00    [2.8,8.8] 4.56    [1.3,7.8] 1.33    [0.5,3.5] 0.58   [-1.7,2.9] 

2p for trend 0.08 <0.0001 0.54 0.02 

Years since cancer diagnosis     

 5-9 4.51    [3.5,5.8] 5.84    [3.9,7.8] 2.15    [1.4,3.2] 2.84    [0.7,5.0] 
 10-14 2.29    [1.7,3.1] 3.99    [1.9,6.1] 1.27    [0.8,2.0] 1.24   [-1.4,3.8] 
 15-19 2.57    [2.0,3.3] 7.99   [4.8,11.2] 1.35    [0.9,2.0] 2.56   [-1.6,6.7] 
 20-24 3.45    [2.8,4.2] 19.4  [13.8,24.9] 1.43    [1.0,2.2] 4.82  [-1.7,11.4] 
 25-29 3.37    [2.7,4.2] 27.4  [19.2,35.6] 1.08    [0.7,1.8] 1.32  [-7.7,10.3] 
 30+ 4.28    [3.6,5.1] 54.1  [41.6,66.6] 1.91    [1.3,2.8] 21.2   [4.5,38.0] 

2p for trend 0.04 <0.0001 0.72 0.24 

Attained Age (years)    

 20-39 6.14    [4.7,8.0] 3.94    [2.7,5.2] 3.10    [1.7,5.8] 1.75    [0.1,3.3] 
 40-49 4.33    [3.7,5.1] 12.3   [9.7,14.9] 2.17    [1.6,2.9] 4.51    [2.1,6.9] 
 50-59 3.55    [3.0,4.2] 25.5  [19.9,31.0] 1.38    [1.0,1.9] 3.89   [-0.6,8.4] 
 60-79 3.29    [2.7,4.0] 54.4  [39.8,69.0] 1.55    [1.1,2.1] 13.8   [1.3,26.3] 

2p for trend 0.0002 <0.0001 0.03 0.02 
      

Table 7-5: SMR and AERs subdivided by gender, age at cancer diagnosis, calendar year of cancer 
diagnosis, years since cancer diagnosis and attained age for all heart disease  combined for survivors of 
Hodgkin lymphoma and Non-Hodgkin lymphoma. 
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7.3.2.4 Breast Cancer Survivors 

Results were similar to the findings of all cancers combined (refer to  

Table 7-2), except that no trend was present by attained age.  Survivors of breast cancer were at a 

1.24-fold increased risk of cardiac mortality compared to the general population (Table 7-6).   The 

decreasing trend with age at cancer diagnosis shown for all cancers confirmed in the 

multivariable model for breast cancer survivors (Appendix Table G-5).   

7.3.2.5 Cervical Cancer and Central Nervous System Survivors 

There was no significant variation across the SMRs or AERs for either age at cancer 

diagnosis, calendar year of cancer diagnosis or attained age.  See Table 7-6 and Table 7-7 for SMR 

and AER estimates. 
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Breast cancer Cervical Cancer 

SMR 
(95% CI) 

AER per 10,000 
(95% CI) 

SMR 
(95% CI) 

AER per 10,000 
(95% CI) 

      
Total 1.24    [1.1,1.4] 0.95    [0.3,1.6] 1.30    [1.1,1.5] 0.97    [0.3,1.6] 

      

Gender     

 Male -- -- -- -- 
 Female 1.24    [1.1,1.4] 0.95    [0.3,1.6] 1.30    [1.1,1.5] 0.97    [0.3,1.6] 

2p for het -- -- -- -- 

Age at cancer diagnosis    

 15-19 28.7  [4.0,203.8] 14.8 [-15.2,44.7] - - 
 20-24 4.09   [1.0,16.3] 2.75   [-2.3,7.8] - - 
 25-29 2.15    [1.2,3.9] 1.72   [-0.2,3.6] 0.90    [0.5,1.6] -0.15   [-1.0,0.7] 
 30-34 1.42    [1.1,1.9] 1.08  [-0.02,2.2] 1.51    [1.2,2.0] 1.37    [0.3,2.4] 
 35-39 1.15    [1.0,1.3] 0.74   [-0.1,1.6] 1.30    [1.1,1.6] 1.45    [0.1,2.8] 
2p for trend 0.004 0.09 0.69 0.04 

Calendar year of cancer diagnosis    

 1970-79 1.09    [0.9,1.3] 0.77   [-1.2,2.7] 1.30    [1.0,1.6] 1.97  [0.0,3.9] 
 1980-89 1.65    [1.3,2.0] 2.35    [1.1,3.6] 1.35    [1.1,1.7] 1.02   [0.04,2.0] 
 1990-99 1.06    [0.7,1.6] 0.10   [-0.6,0.8] 1.23    [0.8,2.0] 0.32   [-0.5,1.1] 
 2000+ 0.78    [0.3,2.1] -0.21   [-0.9,0.5] 1.00    [0.2,4.0] -0.003   [-1.0,1.0] 

2p for trend 0.64 0.005 0.85 0.05 

Years since cancer diagnosis     

 5-9 1.19    [0.8,1.8] 0.25   [-0.4,0.9] 1.73    [1.1,2.7] 0.74  [-0.05,1.5] 
 10-14 0.88    [0.6,1.3] -0.28   [-1.1,0.6] 0.83    [0.5,1.4] -0.33   [-1.2,0.5] 
 15-19 1.19    [0.9,1.6] 0.79   [-0.8,2.4] 1.20    [0.8,1.7] 0.63   [-0.8,2.1] 
 20-24 1.03    [0.7,1.4] 0.22   [-2.3,2.7] 1.10    [0.8,1.6] 0.55   [-1.5,2.7] 
 25-29 1.13    [0.8,1.5] 1.53   [-2.7,5.8] 1.19    [0.8,1.7] 1.64   [-1.9,5.2] 
 30+ 1.16    [0.9,1.5] 3.34   [-3.2,9.9] 1.06    [0.8,1.5] 0.82   [-4.5,6.1] 

2p for trend 0.70 0.50 0.48 0.97 

Attained Age (years)    

 20-39 3.67    [1.6,8.2] 1.17   [-0.1,2.5] 1.99    [0.8,4.8] 0.42   [-0.3,1.1] 
 40-49 1.51    [1.1,2.0] 0.72   [0.10,1.3] 1.51    [1.1,2.1] 0.69 [-0.009,1.4] 
 50-59 1.18    [0.9,1.5] 0.72   [-0.5,1.9] 1.25    [0.9,1.6] 0.94   [-0.4,2.2] 
 60-79 1.14    [0.9,1.4] 2.15   [-1.2,5.5] 1.23    [1.0,1.6] 2.86   [-0.8,6.5] 

2p for trend 0.04 0.92 0.25 0.24 
     

Table 7-6: SMR and AERs subdivided by gender, age at cancer diagnosis, calendar year of cancer 
diagnosis, years since cancer diagnosis and attained age for all heart disease  combined for survivors of 
breast and cervical cancer. 

7.3.2.6 Other Genitourinary Cancers Survivors 

Other genitourinary cancers consisted of 23.9% kidney tumours, 37.7% bladder tumours, 

38.0% other GU tract tumours and 0.4% Wilms tumour.  Of interest among survivors of other 

genitourinary cancers was that both the SMRs and AERs were significantly higher among females 
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than among males.  Females experienced 7 extra deaths per 10,000 person-years compared to 

the general population (see Table 7-7).   

  CNS Tumours Other GU 

 
 SMR 

(95% CI) 
AER per 10,000 

(95% CI) 
SMR 

(95% CI) 
AER per 10,000 

(95% CI) 

      
Total  1.46    [1.2,1.7] 2.05    [1.0,3.1] 1.41    [1.2,1.7] 3.72    [1.7,5.8] 

      

Gender     

 Male 1.31    [1.1,1.6] 2.16    [0.3,4.0] 1.08    [0.9,1.3] 1.05   [-2.0,4.1] 
 Female 1.89    [1.4,2.5] 1.96    [0.8,3.1] 2.58    [2.0,3.3] 6.68    [3.9,9.4] 

2p for het 0.04 0.86 <0.0001 0.007 

Age at cancer diagnosis    

 15-19 2.78    [1.4,5.6] 1.72   [-0.1,3.6] 8.88   [2.9,27.5] 13.2  [-3.6,30.1] 
 20-24 1.80    [1.0,3.3] 1.46   [-0.5,3.4] 2.32    [1.0,5.6] 3.90   [-2.1,9.9] 
 25-29 1.89    [1.3,2.8] 2.67    [0.4,4.9] 1.58    [0.9,2.8] 2.79   [-1.5,7.1] 
 30-34 1.11    [0.8,1.6] 0.53   [-1.5,2.6] 1.47    [1.1,2.0] 3.60  [-0.03,7.2] 
 35-39 1.42    [1.1,1.8] 3.43    [0.7,6.2] 1.31    [1.1,1.6] 3.70    [0.5,6.9] 

2p for trend 0.07 0.60 0.03 0.46 

Calendar year of cancer diagnosis     

 1970-79 1.26    [1.0,1.7] 2.44   [-0.9,5.7] 1.14    [0.9,1.4] 2.28   [-2.1,6.7] 
 1980-89 1.52    [1.2,2.0] 2.44    [0.6,4.3] 1.56    [1.2,2.0] 4.52    [1.2,7.8] 
 1990-99 1.72    [1.2,2.5] 1.73    [0.2,3.2] 1.83    [1.2,2.9] 3.02   [0.02,6.0] 
 2000+ 1.81    [0.8,4.0] 1.09   [-0.9,3.0] 5.08    [2.6,9.8] 7.90   [1.5,14.3] 

2p for trend 0.15 0.33 0.0004 0.29 

Years since cancer diagnosis     

 5-9 1.39    [0.9,2.2] 0.72   [-0.4,1.9] 2.73    [1.9,3.9] 5.74    [2.5,8.9] 
 10-14 1.65    [1.2,2.4] 2.20    [0.2,4.2] 1.25    [0.8,1.9] 1.51   [-1.7,4.8] 
 15-19 1.02    [0.7,1.6] 0.11   [-2.3,2.5] 1.05    [0.7,1.6] 0.50   [-3.8,4.8] 
 20-24 1.14    [0.8,1.7] 1.19   [-2.7,5.0] 0.89    [0.6,1.4] -1.58   [-7.3,4.1] 
 25-29 1.29    [0.9,1.9] 3.63  [-2.8,10.1] 1.16    [0.8,1.7] 3.35  [-6.2,12.9] 
 30+ 1.23    [0.8,1.9] 4.15  [-5.3,13.6] 1.11    [0.8,1.6] 3.46  [-8.9,15.8] 

2p for trend 0.44 0.42 0.005 0.07 

Attained Age (years)    

 20-39 3.26    [2.0,5.2] 1.58    [0.5,2.7] 7.49   [4.3,13.2] 6.66   [2.3,11.0] 
 40-49 1.35    [1.0,1.9] 1.09   [-0.3,2.5] 1.93    [1.4,2.6] 3.85    [1.3,6.3] 
 50-59 1.47    [1.1,1.9] 3.93    [0.6,7.3] 1.07    [0.8,1.5] 0.79   [-2.7,4.3] 
 60-79 1.23    [0.9,1.7] 4.84  [-3.5,13.2] 1.25    [1.0,1.6] 6.53  [-1.8,14.9] 

2p for trend 0.04 0.35 0.0002 0.17 
      

Table 7-7: SMR and AERs subdivided by gender, age at cancer diagnosis, calendar year of cancer 
diagnosis, years since cancer diagnosis and attained age for all heart disease  combined for survivors of 
CNS tumours and other GU cancers. 
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7.3.3 Mortality Risk of Ischaemic Heart Disease 

Ischaemic heart disease was the largest cause of cardiac death, accounting for 78% of all 

deaths from heart disease.  The SMR was 1.23 (95% CI 1.17 - 1.28) and the AER per 10,000 

person-years was 1.00 (95% CI 0.75 - 1.26, see Table 7-8).  Within each age group considered in 

Table 7-4, ischaemic heart disease deaths accounted for at least 51% of the total excess cardiac 

deaths.   

Subdivision into ischaemic and non-ischaemic heart disease indicated that the cumulative 

mortality risk from ischaemic heart disease in cancer survivors was appreciably greater than from 

other heart disease (Figure 7-2).  The solid line represents the observed number of deaths in the 

cohort of TYA cancer survivors, the dotted line is the 95% confidence interval around this 

estimate, and the dashed line is the expected cumulative mortality calculated from a matched 

general population. At age 70, the cumulative mortality from IHD was 6.4%, compared to 2.4% for 

non-IHD.   

 

Figure 7-2: Cumulative mortality (with 95% confidence intervals) by attained age of IHD and non-IHD 
deaths among Hodgkin lymphoma 5-year survivors, subdivided by age at cancer diagnosis and observed 
versus expected deaths. 
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Heterogeneity existed across the cancer groups for both SMRs and AERs of ischaemic 

heart disease mortality (Table 7-8).  Significantly raised SMRs were found for survivors of breast, 

cervical, other GU and lung cancers, Hodgkin and non-Hodgkin lymphoma, CNS tumours  and 

leukaemia.  Compared to the general population, survivors of Hodgkin lymphoma had 9 extra 

deaths per 10,000 person-years.  The AER of IHD among lung cancer survivors was also relatively 

high, with 7 extra deaths per 10,000 person-years. 
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Ischaemic heart disease 

 O 
SMR 

(95% CI) 

AER per 10,000 

(95% CI) 

     

Total 1,812 1.23 (1.17-1.28) 1.00 (0.75-1.26) 

     

Gender    

 Male 1,199 1.19    [1.1,1.3] 1.47    [1.0,2.0] 

 Female 613 1.30    [1.2,1.4] 0.70    [0.5,0.9] 

2p for heterogeneity 0.08 0.007 

Age at cancer diagnosis  

 15-19 55 3.49    [2.7,4.5] 1.92    [1.2,2.6] 

 20-24 121 2.25    [1.9,2.7] 1.88    [1.3,2.5] 

 25-29 243 1.55    [1.4,1.8] 1.42    [0.9,1.9] 

 30-34 430 1.15    [1.0,1.3] 0.63    [0.2,1.1] 

 35-39 963 1.10    [1.0,1.2] 0.67    [0.2,1.2] 

 2p for trend <0.0001 <0.0001 

Calendar year of cancer diagnosis   

 1970-79 853 1.17    [1.1,1.3] 1.61    [0.9,2.4] 

 1980-89 675 1.30    [1.2,1.4] 1.30    [0.9,1.7] 

 1990-99 242 1.25    [1.1,1.4] 0.49    [0.2,0.8] 

 2000+ 42 1.16    [0.9,1.6] 0.16   [-0.2,0.5] 

 2p for trend 0.23 <0.0001 

Years since cancer diagnosis   

 5-9 219 1.29    [1.1,1.5] 0.46    [0.2,0.7] 

 10-14 257 1.02    [0.9,1.2] 0.07   [-0.3,0.5] 

 15-19 317 1.04    [0.9,1.2] 0.22   [-0.4,0.8] 

 20-24 359 1.09    [1.0,1.2] 0.75   [-0.2,1.7] 

 25-29 304 1.00    [0.9,1.1] 0.02   [-1.3,1.4] 

 30+ 356 1.06    [1.0,1.2] 1.16   [-0.8,3.2] 

 2p for trend 0.12 0.83 

Attained Age (years)   

 20-39 100 2.61    [2.1,3.2] 0.79    [0.5,1.0] 

 40-49 485 1.44    [1.3,1.6] 1.06    [0.8,1.4] 

 50-59 622 1.17    [1.1,1.3] 1.13    [0.5,1.7] 

 60+ 605 1.06    [1.0,1.1] 0.97   [-0.5,2.4] 

 2p for trend <0.0001 0.18 
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First Primary Cancer   

Breast 158 1.22    [1.0,1.4] 0.66   [0.10,1.2] 

NMSC 218 0.83    [0.7,0.9] -1.14  [-1.9,-0.4] 

Testicular 225 0.95    [0.8,1.1] -0.34   [-1.2,0.5] 

Cervix 125 1.40    [1.2,1.7] 0.97    [0.4,1.6] 

Melanoma 43 0.45    [0.3,0.6] -1.84  [-2.3,-1.4] 

Hodgkin 348 3.48    [3.1,3.9] 9.39   [8.0,10.8] 

CNS tumour 110 1.41    [1.2,1.7] 1.48    [0.5,2.4] 

Other 124 1.26    [1.1,1.5] 1.24    [0.2,2.3] 

NHL 94 1.49    [1.2,1.8] 2.41    [0.9,3.9] 

Thyroid 24 0.76    [0.5,1.1] -0.70   [-1.6,0.2] 

Other GU 123 1.36    [1.1,1.6] 2.75    [0.9,4.6] 

GI 59 0.85    [0.7,1.1] -1.04   [-2.6,0.5] 

Ovary 15 0.76    [0.5,1.3] -0.53   [-1.4,0.3] 

STS 32 0.99    [0.7,1.4] -0.03   [-1.4,1.4] 

Leukaemia 25 1.61    [1.1,2.4] 1.64  [-0.06,3.3] 

Head & Neck 46 1.23    [0.9,1.6] 1.55   [-0.8,3.9] 

Bone Tumour 14 1.29    [0.8,2.2] 0.96   [-1.3,3.2] 

Lung 29 1.77    [1.2,2.6] 6.90   [1.1,12.7] 

2p for heterogeneity <0.0001 <0.0001 
    

Table 7-8: SMR and AERs subdivided by gender, age at cancer diagnosis, calendar year of cancer 
diagnosis, years since cancer diagnosis, attained age and first primary tumour for ischaemic heart 
disease. 

7.3.4 Mortality Risk of Valvular Heart Disease, Cardiomyopathy and Congestive Heart Failure  

Mortality from valvular heart disease and cardiomyopathy/CHF was increased compared 

to the general population, with SMRs taking values of 2.53 (95% CI 2.08 - 3.03) and  

1.35 (95% CI 1.18 - 1.53), respectively (see Table 7-9).  Hodgkin lymphoma survivors had the 

greatest valvular heart disease SMR (15.2 95% CI 11.2 - 20.7)), which was almost four times 

greater than the SMR for all heart disease combined.  However, this only corresponded to an AER 

per 10,000 person-years of 1.42 (95% CI 0.9 - 1.9), likely due to the low number of valvular heart 

disease deaths. 

As shown in Table 7-4, the proportion of cardiac deaths due to cardiomyopathy and CHF 

decreased from 26% at among those aged 20-39 to 9% among those aged 60+.  In contrast, the 
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proportion of cardiac deaths due to valvular heart disease increased with attained age, from 6% 

to 20% in those aged 20-39 to those aged 60+. 

 

  Valvular Heart Disease Cardiomyopathy / CHF 

  
O 

SMR 
(95% CI) 

AER per 10,000 
(95% CI) 

O 
SMR 

(95% CI) 
AER per 10,000 

(95% CI) 

        
Total 114 2.53 (2.08-3.03) 0.21 (0.14-0.27) 243 1.35 (1.18-1.53) 0.19 (0.10-0.28) 

        
Gender       

 Male 53 2.32    [1.8,3.0] 0.23    [0.1,0.3] 132 1.29    [1.1,1.5] 0.23   [0.06,0.4] 
 Female 61 2.74    [2.1,3.5] 0.19    [0.1,0.3] 111 1.42    [1.2,1.7] 0.16   [0.06,0.3] 
2p for heterogeneity 0.37 0.57  0.48 0.51 
        

Age at cancer diagnosis     

 15-19 11 17.6   [9.7,31.7] 0.51    [0.2,0.8] 16 3.77    [2.3,6.2] 0.58    [0.2,1.0] 
 20-24 16 9.25   [5.7,15.1] 0.40    [0.2,0.6] 21 2.05    [1.3,3.1] 0.30   [0.05,0.6] 
 25-29 21 4.54    [3.0,7.0] 0.27    [0.1,0.4] 37 1.59    [1.2,2.2] 0.23   [0.03,0.4] 
 30-34 22 1.99    [1.3,3.0] 0.12   [0.02,0.2] 66 1.41    [1.1,1.8] 0.21   [0.04,0.4] 
 35-39 44 1.62    [1.2,2.2] 0.13   [0.03,0.2] 103 1.07    [0.9,1.3] 0.06   [-0.1,0.2] 
 2p for trend <0.0001 0.0005  <0.0001 0.005 
        

Calendar year of cancer diagnosis      

 1970-79 60 2.72    [2.1,3.5] 0.50    [0.3,0.7] 85 1.21    [1.0,1.5] 0.19  [-0.04,0.4] 
 1980-89 39 2.54    [1.9,3.5] 0.20   [0.09,0.3] 86 1.33    [1.1,1.6] 0.17   [0.02,0.3] 
 1990-99 13 2.06    [1.2,3.6] 0.07 [-0.004,0.1] 55 1.55    [1.2,2.0] 0.20   [0.05,0.3] 
 2000+ 2 1.38    [0.3,5.5] 0.02 [-0.06,0.09] 17 1.78    [1.1,2.9] 0.21  [-0.02,0.4] 
 2p for trend 0.22 <0.0001  0.07 0.86 
        

Years since cancer diagnosis      

 5-9 9 1.92    [1.0,3.7] 0.04 [-0.01,0.09] 50 1.70    [1.3,2.2] 0.19   [0.06,0.3] 
 10-14 9 1.49    [0.8,2.9] 0.04  [-0.04,0.1] 43 1.22    [0.9,1.6] 0.10  [-0.06,0.3] 
 15-19 15 2.07    [1.2,3.4] 0.13  [0.003,0.3] 43 1.18    [0.9,1.6] 0.11   [-0.1,0.3] 
 20-24 13 1.51    [0.9,2.6] 0.11  [-0.07,0.3] 33 0.91    [0.6,1.3] -0.08   [-0.4,0.2] 
 25-29 28 2.96    [2.0,4.3] 0.74    [0.3,1.2] 38 1.19    [0.9,1.6] 0.25   [-0.2,0.7] 
 30+ 40 2.68    [2.0,3.7] 1.36    [0.7,2.0] 36 0.97    [0.7,1.3] -0.05   [-0.7,0.6] 
 2p for trend 0.05 <0.0001  0.02 0.23 
        

Attained Age (years)     

 20-39 7 3.69    [1.8,7.7] 0.06 [-0.001,0.1] 37 2.78    [2.0,3.8] 0.30    [0.1,0.5] 
 40-49 25 3.14    [2.1,4.6] 0.12   [0.05,0.2] 85 1.71    [1.4,2.1] 0.25    [0.1,0.4] 
 50-59 43 3.32    [2.5,4.5] 0.37    [0.2,0.5] 62 1.07    [0.8,1.4] 0.05   [-0.1,0.2] 
 60+ 39 1.75    [1.3,2.4] 0.50    [0.1,0.9] 59 1.00    [0.8,1.3] -0.004   [-0.5,0.4] 
 2p for trend 0.006 0.0001  <0.0001 0.04 

     Table cont. on next page 
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First Primary Tumour     

 Breast 9 1.50    [0.8,2.9] 0.07  [-0.07,0.2] 21 1.04    [0.7,1.6] 0.02   [-0.2,0.2] 
 NMSC 4 0.54    [0.2,1.4] -0.08  [-0.2,0.01] 19 0.68    [0.4,1.1] -0.22 [-0.4,-0.01] 
 Testicular 13 2.39    [1.4,4.1] 0.21   [0.01,0.4] 27 1.05    [0.7,1.5] 0.03   [-0.2,0.3] 
 Cervix 8 1.93    [1.0,3.9] 0.10  [-0.05,0.3] 11 0.74    [0.4,1.3] -0.10  [-0.3,0.1] 
 Melanoma 3 0.94    [0.3,2.9] -0.01   [-0.1,0.1] 9 0.69    [0.4,1.3] -0.14  [-0.3,0.1] 
 Hodgkin 40 15.2  [11.2,20.7] 1.42    [0.9,1.9] 42 3.42    [2.5,4.6] 1.13    [0.6,1.6] 
 CNS 

tumour 
6 2.65    [1.2,5.9] 0.17  [-0.05,0.4] 15 1.49    [0.9,2.5] 0.23   [-0.1,0.6] 

 NHL 4 1.39    [0.5,3.7] 0.06   [-0.1,0.2] 14 1.21    [0.7,2.0] 0.12   [-0.2,0.5] 
 Thyroid 4 2.43    [0.9,6.5] 0.18   [-0.1,0.5] 22 3.02    [2.0,4.6] 1.14    [0.4,1.9] 
 Other GU 4 3.53    [1.3,9.4] 0.26  [-0.1,0.6] 5 1.11    [0.5,2.7] 0.05   [-0.4,0.4] 
 GI 7 2.85    [1.4,6.0] 0.39  [-0.05,0.8] 11 1.20    [0.7,2.2] 0.16   [-0.4,0.7] 
 Ovary 3 1.55    [0.5,4.8] 0.11   [-0.2,0.4] 9 1.24    [0.6,2.4] 0.18   [-0.4,0.8] 
 STS 2 2.12    [0.5,8.5] 0.12   [-0.2,0.4] 6 1.81    [0.8,4.0] 0.30   [-0.2,0.8] 
 Other 2 2.13    [0.5,8.5] 0.13   [-0.2,0.5] 14 3.45    [2.0,5.8] 1.26    [0.3,2.2] 
 Leukaemia 1 2.22   [0.3,15.8] 0.10   [-0.2,0.4] 8 3.48    [1.7,7.0] 0.99   [0.03,1.9] 
 Head & 

Neck 
1 1.03    [0.1,7.3] 0.01   [-0.3,0.4] 4 1.04    [0.4,2.8] 0.03   [-0.7,0.7] 

 Bone 
Cancer 

1 3.33   [0.5,23.7] 0.21   [-0.4,0.8] 2 1.42    [0.4,5.7] 0.18   [-0.7,1.0] 

 Lung 2 4.90   [1.2,19.6] 0.87   [-0.6,2.4] 4 2.67    [1.0,7.1] 1.37   [-0.8,3.5] 
2p for heterogeneity <0.0001 <0.0001  <0.0001 <0.0001 
        

Table 7-9: SMR and AERs subdivided by gender, age at cancer diagnosis, calendar year of cancer 
diagnosis, years since cancer diagnosis, attained age and first primary tumour for valvular heart disease 
and cardiomyopathy / congestive heart failure . 

7.3.5 Ischaemic Heart Disease Mortality Risk in Context with Systolic Blood Pressure 

Figure 7-3 presents the cumulative mortality of ischaemic heart disease among survivors 

of Hodgkin lymphoma, as compared to the general population.  Age-specific hazard ratios from 

the Prospective Studies collaboration (Lewington, Clarke et al. 2002) were applied to estimate the 

cumulative mortality risk for assumed healthy individuals with an increased systolic blood 

pressure.  At age 65, the cumulative mortality from ischaemic heart disease for Hodgkin 

lymphoma survivors was 5.0%.  Among the general population, the cumulative mortality by age 

65 was 2.0%.  An increased systolic blood pressure of 20mmHg and 40mmHg above usual blood 

pressure levels (hazard ratios calculated from re-measurements of systolic blood pressure) 

resulted in a cumulative mortality by age 65 of 3.9 % and 7.4 %, respectively.   
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Figure 7-3: Ischaemic heart disease cumulative mortality (%) among Hodgkin lymphoma survivors 
compared to the general population with a raised systolic blood pressure (estimates obtained from 
Prospective Studies Collaboration). 

7.4 Discussion 

7.4.1 Overall findings  

This largest ever study of over 230,000 survivors of cancer diagnosed in teenage and 

young adulthood revealed that there was a small 1.3-fold excess risk of mortality from heart 

disease compared to the general population, which varied little with decade of treatment.  This 

suggests that improvements in cancer treatments have not reduced cardiotoxicity.  No study, as 

yet, has investigated cardiac mortality risk among survivors of TYA cancers on such a large scale.  

The slight increase in mortality risk among all cancers combined can be reassuring for clinicians 

and patients.  However, there are still high risk groups that need to be considered carefully, 

namely survivors of Hodgkin and non-Hodgkin lymphoma survivors were at a highly increased 

cardiac risk.  This was expected as treatment for Hodgkin lymphoma involves thoracic 

radiotherapy and chemotherapy, both of which are known to be cardiotoxic (Floyd, Nguyen et al. 

2005, Cutter, Taylor et al. 2010, Monsuez, Charniot et al. 2010).   
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The excess risk of cardiac death was greatest among survivors of Hodgkin lymphoma.  

Among survivors of Hodgkin and non-Hodgkin lymphoma, heart disease accounted for 14% and 

4% of the total excess deaths, respectively.  The proportion of excess deaths due to heart disease 

was 6 times greater among ages 60+ compared to ages 20-39 for survivors of both cancers.  This 

suggests an extended period of risk, and Hodgkin and non-Hodgkin lymphoma survivors should be 

followed-up carefully for cardiac risk factors and symptoms.  This also has important public health 

implications as these high-risk cancer survivors may need treatment for management of heart 

disease over an extended period.     

7.4.2 Variation in Cardiac Mortality Risk by Type of Heart Disease  

The excess mortality of heart disease deaths was largely due to ischaemic heart disease, 

accounting for 64% of the total excess cardiac deaths.  However, the proportion of excess valvular 

heart disease and cardiomyopathy / CHF deaths varied with follow-up.  Valvular heart disease 

accounted for a greater proportion of excess cardiac deaths with increasing attained age, 

reaching 26% of all excess cardiac deaths at ages 60+.  This may be a radiation-related effect, as 

radiation-related valvular heart disease has been shown to have a long latency period compared 

to other heart diseases (Cutter, Taylor et al. 2010), with one study of Hodgkin lymphoma 

survivors finding a median interval of 22 years between treatment and symptomatic heart disease 

(Hull, Morris et al. 2003).  In comparison, at ages 20-39, 24% of the excess cardiac deaths were 

due to cardiomyopathy and congestive heart failure.  Anthracyclines have been shown to be 

cardiotoxic, with a recent meta-analysis of randomised controlled trials finding that 

anthracyclines were associated with a 5-fold significant risk of congestive heart failure compared 

to non-anthracycline regimens (Smith, Cornelius et al. 2010).  Anthracyclines were developed in 

the 1960s, and trialled for different cancer types during the 1970s and 1980s.  In this TYACSS 

cohort, the individuals who were treated in more recent decades had the greatest proportion of 
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excess deaths due to cardiomyopathy and congestive heart failure, which was consistent with the 

relatively recent introduction of anthracyclines.  

7.4.3 Cardiac Mortality Risk in Context  

Results from the Prospective Studies Collaboration (Lewington, Clarke et al. 2002) were 

used to compare the cumulative mortality of Hodgkin lymphoma survivors (the subgroup of 

individuals at greatest cardiac mortality risk in the TYACSS) to the cumulative mortality of the 

general population with an increase of both 20mmHg and 40mmHg systolic blood pressures (SBP) 

applied.  The Prospective Studies Collaboration holds information from 61 prospective 

observational studies, mainly from North America and Western Europe.  These studies contained 

baseline measurements of blood pressure from individuals without previous disease between the 

ages of 40 and 89 years, assumed to be representative of the general population.  This was done 

as it is important to present findings in an accessible manner for use by clinicians, for example by 

comparing to traditional cardiac risk factors.  According to the NICE hypertension guidelines 

(National Institute for Health and Clinical Excellence 2011), this TYACSS study suggested than 

even a person with a healthy initial blood pressure (for example ideal SBP: 90 – 120mmHg) and a 

subsequent increase of either 20 or 40mmHg could be classified as Stage 1 hypertension, and 

considered for antihypertensive drugs.  High cholesterol and high systolic blood pressure can be 

treated with medication (statins and antihypertensive drugs) if modifications of diet and lifestyle 

were not successful.  Within the general population, antihypertensive drugs are widely used, as 

confirmed by the NICE guidelines: “the clinical management of hypertension is one of the most 

common interventions in primary care, accounting for approximately £1 billion in drug costs 

alone in 2006”.  This provides evidence that survivors of Hodgkin lymphoma should be monitored 

very closely for heart disease, as their cumulative mortality of ischaemic heart disease was higher 

than individuals in the general population who would likely be diagnosed with Stage 1 

hypertension. 
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A study by the Childhood Cancer Survivor Study sought to evaluate the contribution of 

modifiable cardiovascular risk factors in addition to the treatment related cardiac damage 

(Armstrong, Oeffinger et al. 2013).  The authors concluded that “it is imperative that childhood 

cancer survivors exposed to chest-directed RT or anthracycline chemotherapy have regular blood 

pressure monitoring and appropriate management as a high-risk group” (Armstrong, Oeffinger et 

al. 2013).  Among survivors of TYA cancer, this type of study should be replicated to evaluate 

whether intervention for cardiac management can be justified after cancer treatment.  Currently 

it is only apparent that a history of cancer should be considered as a risk factor during routine 

monitoring for heart disease symptoms and risk profiling.   

7.4.4 Risk of heart disease in Comparison to Childhood Cancer Survivors  

This study suggests that survivors of TYA cancers were at a lower risk of cardiac mortality 

than childhood cancer survivors.  In the British Childhood Cancer Survivor Study, an SMR of  

3.5 (95% 2.9-3.2) corresponding to 2 excess deaths per 10,000 person-years was found (Reulen, 

Winter et al. 2010).  Among survivors recorded in the Childhood Cancer Survivor Study in the USA, 

the overall cardiac risk was much greater, with a 7-fold raised risk compared to the general 

population (Armstrong, Liu et al. 2009).  However, shorter follow-up was available in the TYACSS 

cohort compared to the cohorts of childhood cancer survivors.  Studies combining all cancer 

survivors diagnosed before age 40 could be considered for a direct comparison.   

7.4.5 Strengths of study 

This is the largest study yet to investigate cardiac mortality risk among survivors of cancer 

diagnosed in teenagers and young adults with a total of 3,325,102 person-years.  The follow-up of 

5-year survivors extended to 38 years, with a mean period of 14.3 years.  16% of the population 

were followed for at least 25 years, 44% for between 10 and 25 years and 10% were followed for 

a maximum of 10 years.  Thus, it has the highest number of 5-year survivors and person years of 
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follow-up of any study of cardiac mortality in TYA cancer survivors worldwide, with the follow-up 

exceeding two decades for a large portion of the cohort.   

7.4.6 Limitations of study 

A main potential limitation is the lack of detailed information on exposure from the main 

adjuvant treatment modalities: radiotherapy and chemotherapy.  Receipt of the main treatments 

was recorded in the cohort from 1993 onwards, but among individuals treated after 1993 in 

England, 48% were missing radiotherapy information and 45% were missing chemotherapy.  It is 

likely that a majority of the excess cardiac deaths would be due to the adjuvant treatments 

received by the patient.  Ideally, individual treatment regimens would be available for each 

survivor to enable examination of the dose-response relationship to cardiac mortality risk.   

Limitations present in the cause of death recording mean that the estimates of excess risk 

presented in this study may be an under-ascertainment of the mortality burden from heart 

disease.  Inaccuracies in death certification can be caused from inaccuracies in or failure to record 

relevant information, or from mistakes in formulation of the cause of death (Devis and Rooney 

1999).  Some diseases are more frequently selected as the underlying cause of death whenever 

they appear on the death certificate, for instance cancer will tend to be assumed to be the 

underlying cause.  Yet, even with this conservative estimate, there is substantial mortality risk 

from heart disease among survivors of TYA cancer. 

7.4.7 Conclusion 

In conclusion, for most survivors of cancer diagnosed in teenagers and young adults 

individuals were found to only be at a slightly raised risk of heart disease, which is reassuring for 

both clinicians and patients.  This is not to say that there was no risk of heart disease mortality, 

and worryingly there was no reduction in excess cardiac mortality in more recent decades of 

diagnosis.  The heart should continue to be considered an organ at risk during treatment of 
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cancer, but during long-term monitoring particular attention should be placed on survivors at the 

greatest risk, namely Hodgkin and non-Hodgkin lymphoma, and particularly those diagnosed with 

cancer as teenagers. 
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This thesis has characterised the risk of radiation-related heart disease and lung cancer in 

a large collaborative cohort of breast cancer survivors, and in the understudied cancer survivor 

population of teenagers and adults aged 15-39 has characterised the risk of heart disease as 

compared to the matched general population.  No study as yet has presented a description of 

burden of the heart disease mortality among survivors of teenage and young adult cancer on a 

big data scale, and this thesis investigated the cardiac risk using a cohort with the highest number 

of individuals and person years of follow-up of any investigation of TYA cancer survivors 

worldwide. 

As discussed in Chapter 3, observational cohort studies have been increasingly used by 

researchers.  Observational data provides a valuable source of information which tends to be 

representative of treatment routinely received by patients.  As a wealth of information is now 

routinely collected by cancer registries or national bodies, observational data can be an extensive 

resource, which, when analysed carefully, can provide valuable evidence for cancer outcomes 

research.  The purpose of such observational analyses is usually to identify associations and 

characterise factors that influence any treatment associations, which can then be more fully 

investigated within nested case-control studies.   

The late adverse effects of the radiation protocols used today are unknown; however 

results from past regimens and knowledge of current treatment regimens can provide evidence 

of future potential risks.  Investigation of late effects provides evidence both for the development 

of radiotherapy techniques used in current practise and the continued monitoring and follow-up 

of cancer survivors.  Awareness and understanding of late effects can help to improve care and 

quality of life for cancer survivors, as symptoms can be managed and hopefully controlled.  This 

thesis provides evidence to support the continued follow-up for cancer patients, potentially into 

the second or third decade after diagnosis. 
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At the beginning of this thesis three aims were set out.  These aims will now each be 

addressed in turn.   

8.1 Methodology-based discussion of the potential pitfalls of observational 

data that need to be considered carefully during analysis 

Observational cohorts have a wealth of data which can provide very valuable information 

for the current literature base.  However, determining treatment-outcome associations in 

observational data is challenging as selection biases may incorrectly indicate that links exist which 

are in fact due to confounding rather than causal mechanisms.  The problem of selection bias was 

previously demonstrated in a study of SEER-Medicare using patients diagnosed with prostate and 

colon cancer (Giordano, Kuo et al. 2008).  Despite this publication, the systematic review 

presented in Chapter 3 demonstrated that the issues discussed by Giordano and colleagues may 

not have been fully absorbed by researchers and are thus still very relevant.  The majority (85%) 

of eligible articles analysed radiation-related outcomes after breast cancer in the SEER or  

SEER-Medicare using a comparison of irradiated versus unirradiated women.  Therefore, the 

systematic review confirmed that a clear description of the problem should be very important for 

clinicians and epidemiologists.    

The availability of the EBCTCG meta-analyses provided an opportunity to directly 

compare the results from observational and randomised data.  Analyses presented in Chapter 3 

of the SEER data produced highly dubious results, which were in stark contrast to the randomised 

evidence.  The association between radiotherapy and the outcome of interest varied dependent 

on the type of surgery received.  One particular analysis of the outcome accidents and violence 

demonstrated the spurious results very clearly.  The mortality ratios suggested that among 

women who received breast conserving surgery, radiotherapy reduced their risk of death from 

accidents or violence, yet no association was present for post-mastectomy radiotherapy.  It was 

known from randomised evidence that this is not true and rather it is a reflection of the type of 
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women selected to receive radiotherapy.  Women who do not receive radiotherapy after breast 

conserving surgery are unusual, and may have had particularly poor health or have been too frail 

to cope with radiation which may be a reflection on their lifestyle or socio-economic status.   

In general, it was thought that stratification by all known patient and tumour 

characteristics, for example tumour grade, nodal involvement or age, should mostly remove the 

effect of selection and other biases.  Chapter 3 demonstrated that this was not the case, and the 

inclusion of tumour size, grade, surgery type, number of involved nodes, axillary clearance, 

clinical nodal status (from 2004 onwards), ER status and disease stage in the stratification made 

no substantial difference to the spurious results produced by the mortality ratios comparing 

irradiated and unirradiated women.  Thus, there must be many more biases inherent in 

observational data which cannot be controlled for.  An alternative method was presented which 

used the fact that the breasts are a paired organ.  This method is only useful for some outcomes.   

Analyses using this laterality comparison produced results consistent with the randomised trials 

evidence.  This provided the reasoning for the use of the laterality comparison in the following 

three chapters, and also reinforced the decision to not include treatment information in the 

stratification of the COBS analyses.   

As awareness of the heart and lungs as organs-at-risk increases, the laterality approach 

may become less suitable.  As an example, when heart disease is the outcome of interest, the 

laterality comparison relies on the fact that the dose received by the heart is higher during 

treatment for left-sided than for right-sided breast cancer, producing a comparison of higher dose 

versus lower dose.  However, in recent years measures have been introduced to limit the 

radiation dose received by the heart during left-sided breast cancer radiotherapy.  For example, 

cardiac shielding is used during tangential breast radiotherapy, which has been shown to reduce 

the mean heart dose in left-sided breast cancer patients to 0.8Gy (Bartlett, Yarnold et al. 2013).  

However, this benefit of low cardiac dose was offset by a reduced coverage of the target tissue.  
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Therefore, it is important that treatment techniques are monitored to ensure that the dose 

difference does exist before using the laterality comparison by collected information, where 

possible, on the radiotherapy technique used.  It is also important to check that the proportion of 

women receiving radiotherapy in the cohort does not vary by laterality.  Further work is needed 

to develop alternative methods to reduce the effect of selection biases if and when the difference 

in cardiac dose between left-sided and right-sided breast cancer is negligible.   

8.2 The radiation-related risks of heart disease and lung cancer in survivors of 

breast cancer  

Chapters 4, 5 and 6 characterised the long-term risk of radiation-related heart disease 

and lung cancer among breast cancer patients using the largest observational cohort available.    

The clear benefits of radiotherapy in terms of reduction in breast cancer mortality and recurrence 

have been shown to be offset by increases in mortality from other causes (Early Breast Cancer 

Trialists' Collaborative Group 2005).  Individual patient data meta-analyses of randomised trials 

have demonstrated that heart disease and lung cancer are the largest causes of mortality before 

recurrence, from causes other than breast cancer.    Until now, little was known on the factors, 

other than radiation dose, which influenced the extent of these radiation-related risks.  Findings 

from this analysis of the collaborative cohort of cancer registries have provided evidence on these 

other factors.  Both mortality and incidence analyses were presented, which strengthened the 

findings as inclusion of non-fatal event allows the investigation of potentially less serious 

diagnoses that may not have resulted in death. 

COBS - the Collaborative Groups on Observational Studies of Breast Cancer - collated 

individual patient data on over 2 million women diagnosed with breast cancer worldwide.  This 

has provided the statistical power to demonstrate clear progressive trends in factors that have 

previously not been shown.  Radiotherapy is a key component of adjuvant treatment for breast 

cancer, with 95.4% and 77.6% of women with strong indications recorded to have been irradiated 
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after breast conserving surgery and mastectomy, respectively, in the USA (Jagsi, Abrahamse et al. 

2010).  As a result, efforts to reduce the late adverse effects of radiotherapy could improve the 

survivorship of a large proportion of women previously diagnosed with breast cancer.  In 

addition, as breast cancer is one of the most common cancers diagnosed among women in the 

developed world, the results presented in this thesis could have a large public health impact due 

to the size of the population at risk.   

The first two chapters to present findings from the COBS study investigated the risk of  

radiation-related mortality and incidence from heart disease using a comparison of left-sided and 

right-sided breast cancer patients.  A significant left-sided excess was present for both mortality 

and incidence among women recorded to have received radiotherapy, with rate ratios of  

1.07 (95% CI 1.04-1.14) and 1.08 (95% CI 1.06-1.10), respectively.  There was a significant 

difference between the rate ratios, left- versus right-sided breast cancer of irradiated and 

unirradiated women (2p=0.003 for mortality and 2p=0.0002 for incidence), suggesting that it was 

a radiation-related effect.  The left-sided mortality excess was present for ischaemic and  

non-ischaemic heart disease, in particular non-rheumatic valvular heart disease.  Within the 

incidence analysis, finer subgroups of clinically relevant cardiac diagnoses were analysed.  A 

significant left-sided excess of ischaemic heart disease, valvular disease and pericarditis was 

found.  Investigation of this increased incidence of pericarditis found a highly significant 

increasing trend with time since diagnosis, with the greatest proportional increase (of 15%) in 

left-sided compared to right-sided breast cancer patients at 25+ years since diagnosis.  The first 

event of each particular cardiac diagnosis (irrespective of previous cardiac diagnoses but 

subsequent to breast cancer diagnosis) was considered, and found that the left-sided excess of 

acute pericarditis became highly elevated.  This could suggest that women often experience acute 

pericarditis after a previous cardiac event.   
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Interestingly, among younger women there was significant variation across a number of 

patient and treatment factors, for example time since cancer diagnosis.  However, there was no 

variation across these factors among older women (ages 60+).    Among women diagnosed with 

cancer aged less than 60, the mortality ratios significantly increased with time since diagnosis into 

the second decade, and there was little evidence that the risk was lower in more recent years 

when newer treatments were likely employed.  In addition, the proportional risk was substantially 

higher in women who received chemotherapy as well as radiotherapy.  This coupled with the 

decreasing proportional trend with increasing age suggested that efforts to minimise cardiac 

irradiation should be focused on younger women, for example through the use of alternative 

treatment protocols.  This age trend was confirmed in the analysis of cardiac incidence.   

The combination of chapters 4 and 5 allowed a number of conclusions to be drawn.   

Radiation-related cardiac risk is not a short-term problem as it has been shown to continue into 

the third decade following breast cancer treatment.  It also does not appear to be limited to 

treatment techniques of the ‘old era’, as the incidence ratio was still significantly elevated in the 

most recent calendar period.  This significant excess of cardiac incident events among women 

diagnosed after 2000 was particularly interesting.   The risk does not seem to be limited to a few 

countries, as no heterogeneity was found across countries or regions during the mortality or 

incidence analysis (once an extreme outlier, Spain, had been removed).  There was also a 

suggestion that an interaction exists between radiotherapy and chemotherapy.  When both fatal 

and non-fatal events were considered together, there was a significant interaction between 

radiotherapy and chemotherapy for cardiomyopathy / congestive heart failure and ischaemic 

heart disease separately.  Therefore, to conclude, breast cancer radiotherapy can cause 

appreciable increases in heart disease in younger women with left-sided cancer, especially if 

chemotherapy was also given.  Measures to reduce the risk, such as breathing adapted 

radiotherapy or the use of less cardiotoxic chemotherapies may be appropriate for some women. 
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It is important to note that the comparison of left-sided versus right-sided breast cancer 

patients is likely to underestimate the extent of the cardiac risk of both fatal and non-fatal events, 

because the laterality comparison is a comparison of ‘higher versus lower’ dose as opposed to a 

comparison of ‘dose versus no dose’.  This also applies to the comparison of ipsilateral versus 

contralateral lung cancer. 

The COBS cohort was then analysed with the aim of characterising the radiation-related 

risk of lung cancer – the most commonly diagnosed neoplasm other than the breast cancer itself.  

Chapter 6 confirmed previously published work using the largest cohort to date, and found that 

radiotherapy increased the risk of lung cancer, particularly in the lung ipsilateral to the breast 

being irradiated.  The rate ratios of microscopically confirmed lung cancer among irradiated 

women were 1.43 (95% CI 1.22-1.67) and 1.15 (95% CI 1.05-1.26) for mortality and incidence, 

respectively, indicating a highly significant excess of lung cancer in the ipsilateral lung as 

compared to the contralateral lung.  For both mortality and incidence, a highly significant 

increasing trend with years since diagnosis was present, which was confirmed by the 

multivariable model to suggest that the trend was true and not due to confounding.  At 15+ years 

after diagnosis, breast cancer survivors were at a 2.3-fold excess of lung cancer events in the 

ipsilateral lung as compared to the contralateral.  There was a suggestion that the mortality and 

incidence risk was reducing with recent decades, but an ipsilateral excess was still present in the 

most recent calendar period of breast cancer diagnosis.  As breast cancer survival is increasing, 

there are an increasing number of people living for decades after their diagnosis that may be at 

risk of late effects.  Thus, an increased awareness of treatment-related lung cancer is required, 

which should help physicians to try to reduce those risks by using radiotherapy techniques that 

spare normal tissue as much as possible, and also monitor any symptoms into the long-term.  

The clinical implications of the findings from the COBS study are in terms of evidence for 

clinical guidelines.  Firstly, the findings presented in this thesis are strong evidence for continued 
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follow-up of breast cancer survivors.  They provide an evidence-base to support monitoring 

cancer survivors for decades after treatment, with particular emphasis on heart disease.  

Secondly, understanding late effects can influence treatment guidelines, for example through the 

recommendation of treatment protocols which are known to minimise incidence radiation of 

organs that have been shown to be radiosensitive, i.e. the heart and lungs.  These measures 

would be particularly relevant for subgroups of patients shown to be at particularly high risk in 

this thesis, for example those diagnosed with cancer at a young age.  

The objective of the COBS collaboration was to collate a large amount of basic 

information.   The next step would be to update this cohort, ideally expanding the scope of the 

study to include information on traditional cardiovascular risk factors (for example smoking, BMI, 

family history), as well as more detailed treatment information.  Practically, this would be very 

difficult, as cancer registries don’t routinely collect this high level of detail.  It could be achieved 

through the use of a prospective study, but the financial and time burden can become limiting.  

However, the increasing availability of nationwide standardised data, for example the Hospital 

Episode Statistics and Clinical Practice Research Datalink in the UK suggest that, through the 

linkage of datasets, this may be possible in the future.  The data sources listed above currently 

hold some, but not all, of the information mentioned on traditional risk factors and treatment.  

This would allow direct investigation of the interaction between all of the various factors which 

have been shown individually to increase the risk of both heart disease and lung cancer.  

The proportional measures presented throughout this thesis permitted investigation of 

the strength of the association between radiotherapy and the outcome of interest.  The 

additional use of absolute measures then puts this risk into a public health perspective.  It is 

important to remember that over the past decade, there have been steep drops in the rate of 

heart disease death in the population.  For example, in the UK, the 10-year change in mortality 

rate of coronary heart disease among females was -51% (Nichols, Townsend et al. 2014).  This is 
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in contrast to lung cancer, in which there is an increase in the mortality rate among females, 

largely due to the epidemic of smoking among women.  The World Health Organisation estimated 

than it 2006, the prevalence of female smoking was approximately 17% in the Americas, and 22% 

in Europe (World Health Organization 2010).  It has also been estimated that in the year 2010, 

70% of lung cancer deaths among women were attributed to smoking (Peto, Lopez et al. 2010).  

Smoking has been shown to be strongly associated with both lung cancer mortality and heart 

disease mortality.  The relative risk associated with smoking (current- versus never-smoker) was 

21.4 (95% CI 19.7-23.2) for lung cancer and 4.47 (95% CI 4.19-4.77) in a prospective study in the 

UK of one million women (Pirie, Peto et al. 2013).  Therefore, this all suggests that both types of 

side effects presented in the thesis (lung cancer and heart disease) may be as important as each 

other, especially for smokers. 

8.3 The long-term risk of heart disease for the entire spectrum of cancers 

diagnosed in teenagers and young adults aged 15-39 

The first chapter clearly established that survivors of cancers diagnosed in teenagers and 

young adults aged 15-39 are a highly understudied population.  Thus far, only two studies have 

published analyses of cause-specific mortality (with a focus on cardiovascular disease) within the 

entire spectrum of teenage and young adult (TYA) cancer survivors.  Chapter 7 presented the 

long-term risk of heart disease mortality using the largest ever cohort of TYA cancer survivors.  

The Teenage and Young Adult Cancer Survivor Study presented is over 9 times larger than the two 

relevant published studies combined (Prasad, Signorello et al. 2012, Kero, Jarvela et al. 2014).  

Analyses demonstrated that TYA 5-year cancer survivors in England and Wales have a slightly 

raised cardiac mortality risk compared to the matched general population, but that the risk was 

greatest among survivors of Hodgkin lymphoma.  This was expected as treatment for Hodgkin 

lymphoma involves thoracic radiotherapy and certain chemotherapy agents, both of which are 

known to be cardiotoxic (Floyd, Nguyen et al. 2005, Cutter, Taylor et al. 2010, Monsuez, Charniot 
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et al. 2010).  This increase was still present after an attained age of 60, which has substantial 

public health implications as cancer survivors may need treatment for management of heart 

disease over an extended time period.  Age at exposure was found to be critical when 

determining risk.  This is important risk stratification evidence relevant to the clinical follow-up of 

such survivors.  Breast cancer survivors, in the TYA age range, were also at a significantly raised 

mortality risk as compared to the general population.  Consideration of Chapters 5 and 6 indicate 

that this raised risk would likely be partially due to radiotherapy.  Most of the excess deaths 

among all cancer survivors were due to ischaemic heart disease although mortality from valvular 

heart disease, cardiomyopathy and congestive heart failure were also in excess.  This was in 

agreement with the results presented in Chapter 5 which demonstrated a significant excess 

among irradiated left-sided breast cancer patients as compared to right-sided for ischaemic heart 

disease and valvular disease.  Further research, for example case-control studies, are needed to 

define the dose-response relationships for specific cardiac diagnoses and structures (i.e. valves) 

and to provide further insight on the findings presented in this thesis with respect to the raised 

risk of valvular heart disease.   

Evidence was provided that survivors of Hodgkin lymphoma should be monitored very 

closely for heart disease as TYA cancer survivors are at as great a risk of ischaemic heart disease 

as persons with an increase in blood pressure.  Among TYA cancer survivors their cumulative 

mortality of ischaemic heart disease is higher than individuals from the general population who 

would likely be diagnosed with stage 1 hypertension and prescribed antihypertensive drugs.  

Thus, one advantage of Chapter 7 was the ability to put the risk among cancer survivors into 

context.  This was done by using the Prospective Studies Collaboration (Lewington, Clarke et al. 

2002), which presented hazard ratios of ‘lower than usual’ systolic blood pressure.  These hazard 

ratios were inverted and applied to the cumulative mortality risk of ischaemic heart disease 

among the general population.  This allowed comparison of the cumulative mortality of Hodgkin 
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lymphoma 5-year survivors, who were the group at the greatest risk of cardiac mortality, to the 

cumulative mortality of the general population with an increase of both 20mmHg and 40 mmHg 

systolic blood pressures.   As an example, take an individual in the general population with a 

systolic blood pressure in the ideal range: 90 – 120mmHg.  An increase by 20mmHg would give 

this individual a systolic blood pressure in the range of 110-140mmHg, and equivalently an 

increase by 40mmHg would put them in the range of 130-150mmHg.  According to the NICE 

guidelines of hypertension (National Institute for Health and Clinical Excellence 2011), the 

recommendation is to offer antihypertensive drugs to: individuals of any age with stage 1 

hypertension (defined as a clinic blood pressure of at least 140/90mmHg) who have other risk 

factors; individuals of any age with stage 2 hypertension (defined as a clinic blood pressure of at 

least 160/100mmHg); or individuals younger than 40 with stage 1 hypertension.  Thus, this 

suggests than even a person with a healthy initial blood pressure and a subsequent increase of 

either 20 or 40mmHg could be classified as Stage 1 hypertension, and considered for 

antihypertensive drugs.   Among survivors of TYA cancer, further research is needed to evaluate 

whether intervention can be justified.  It is apparent that a history of cancer should be considered 

as an important risk factor during routine monitoring for heart disease symptoms and risk 

profiling.  However, this thesis provides an argument for continued follow-up of TYA cancer 

survivors at the greatest risk – Hodgkin lymphoma survivors – which would include the 

consideration of traditional measures to reduce cardiovascular risk, i.e. antihypertensive 

medication.  Continued follow-up would also allow physicians to monitor and help minimise 

traditional modifiable risk factors, for example obesity and smoking.  Even just considering the 

findings of the cancer survivors in isolation, the extended period of raised risk suggests that 

continued monitoring of cancer survivors is vital. 

As the teenage and young adult cancer population has been greatly understudied thus far 

this thesis provided a vital overview of the risk of heart disease in a large number of TYA cancer 
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survivors.  The next step to further understanding of the survivorship of the TYA cancer 

population would be to collect detailed treatment information for the TYA cancer survivors.  The 

significant heterogeneity across cancer types was likely due to the differences in treatment 

received for each specific cancer type, and the variation across centres in the use of adult or 

paediatric treatment protocols.  Yet, the influence of varying treatment protocols cannot be 

characterised without individual patient treatment information. Understanding the treatment 

associations could further the implications of this research, as national cancer treatment 

guidelines could be adjusted to minimise the long-term adverse health risks in TYA cancer 

survivors.  The findings presented provide evidence for future TYA-cancer specific follow-up 

guidelines; particularly as published clinical guidelines on the long term follow-up of childhood 

cancer survivors do not provide recommendations past puberty.   
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Summary 

This thesis demonstrated that adjuvant radiotherapy for breast cancer significantly increased the 

risk of heart disease among women with left-sided breast cancer and ipsilateral lung cancer in the 

largest observational cohort worldwide.  It was shown that younger women were at the highest 

risk of heart disease, and a progressive monotonic proportional decrease with increasing age at 

diagnosis was found which has not been shown before.  The excess of heart disease did not seem 

to be reduced in recent decades, with a significant risk of incident cardiac events in women 

diagnosed after 2000.  A possible interaction between radiotherapy and chemotherapy was 

suggested, which warrants further careful investigation particularly in the observational setting as 

it is representative of general practise.  It was also demonstrated that selection effects and other 

biases can still be very problematic during analyses of observational data, and a systematic review 

highlighted the lack of consideration for these selection effects in the published literature.  

However, careful consideration of the limitations of observational data can result in meaningful 

and clinically useful results, for example through the use of the laterality comparison employed 

throughout the analyses presented.  In addition, this thesis presented an overview of the risk of 

heart disease mortality among the internationally acknowledged understudied population of 

individuals diagnosed with cancer as teenagers and young adults aged 15-39 years.  Overall, the 

5-year survivors were at a significantly raised cardiac mortality risk compared to the matched 

general population, and survivors of Hodgkin lymphoma were at the greatest risk.  It is hoped that 

the findings presented here will influence clinical guidelines, particularly guidelines on 

surveillance following completion of therapy and late effects.  This thesis provides evidence to 

advocate the continued follow-up for cancer patients, potentially into the second or third decade 

after diagnosis, as the cancer survivors were found to be at a substantially increased risk for many 

decades following treatment.  During this suggested long-term monitoring particular attention 
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should be placed on survivors at the greatest risk, namely Hodgkin and non-Hodgkin Lymphoma, 

and particularly those diagnosed with cancer as teenagers. 
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Appendix A (for Chapter 1) 

A.1 Age Standardised Incidence Rates in England and Wales for Individuals Diagnosed with 

Cancer Aged 15-39 by First Primary Tumour Group from Cancer Incidence in Five 

Continents Volume X10 

Cancer 

Males Females 

Cases 
Age Standardised 
Rate per 100,000 

Cases 
Age Standardised 
Rate per 100,000 

Lip (C00) 27 0 9 0 

Tongue (C01-02) 173 0.3 123 0.2 

Mouth (C03-06) 100 0.2 73 0.1 

Salivary glands (C07-08) 112 0.2 162 0.3 
Tonsil (C09) 62 0.1 39 0.1 

Other oropharynx (C10) 6 0 3 0 
Nasopharynx (C11) 100 0.2 57 0.1 

Hypopharynx (C12-13) 11 0 2 0 

Pharynx unspecified (C14) 15 0 6 0 
Oesophagus (C15) 152 0.3 53 0.1 

Stomach (C16) 223 0.4 215 0.4 

Small intestine (C17) 68 0.1 50 0.1 

Colon (C18) 711 1.4 688 1.3 

Rectum (C19-20) 386 0.7 346 0.6 

Anus (C21) 64 0.1 74 0.1 

Liver (C22) 160 0.3 95 0.2 

Gallbladder etc. (C23-24) 29 0.1 23 0 

Pancreas (C25) 119 0.2 127 0.2 

Nose, sinuses etc. (C30-31) 53 0.1 51 0.1 
Larynx (C32) 45 0.1 35 0.1 

Lung (incl. trachea and bronchus) (C33-34) 404 0.7 356 0.6 
Other thoracic organs (C37-38) 120 0.2 46 0.1 
Bone (C40-41) 482 1.1 317 0.7 

Melanoma of skin (C43) 2387 4.6 4293 8.4 
Other skin (C44) 3373 6.1 4200 7.5 

Mesothelioma (C45) 19 0 15 0 

Kaposi sarcoma (C46) 243 0.4 62 0.1 

Connective and soft tissue (C47+C49) 563 1.2 448 0.9 
Breast (C50) 29 0 9369 15.9 
Penis (C60) 89 0.2 

  
Prostate (C61) 44 0.1 

  
Testis (C62) 5614 11.7 

  
Other male genital organs (C63) 24 0.1 

  

                                                           
10

 http://ci5.iarc.fr/CI5-X/Pages/summary_table_pop_sel.aspx 

http://ci5.iarc.fr/CI5-X/Pages/summary_table_pop_sel.aspx
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Vulva (C51) 

  
207 0.4 

Vagina (C52) 
  

50 0.1 

Cervix uteri (C53) 
  

4497 8.6 

Corpus uteri (C54) 
  

388 0.7 

Uterus unspecified (C55) 
  

38 0.1 

Ovary (C56) 
  

1886 3.7 

Other female genital organs (C57) 
  

15 0 

Placenta (C58) 
  

39 0.1 

Kidney (C64) 410 0.7 315 0.6 

Renal pelvis (C65) 12 0 3 0 

Ureter (C66) 3 0 4 0 

Bladder (C67) 466 0.8 180 0.3 

Other urinary organs (C68) 4 0 2 0 
Eye (C69) 75 0.1 82 0.2 

Brain, nervous system (C70-72) 1392 2.8 941 1.9 
Thyroid (C73) 493 1 1864 3.7 

Adrenal gland (C74) 37 0.1 40 0.1 

Other endocrine (C75) 99 0.2 36 0.1 
Hodgkin lymphoma (C81) 1627 3.5 1422 3.3 
Non-Hodgkin lymphoma (C82-85,C96) 1743 3.5 1094 2.2 
Immunoproliferative diseases (C88) 6 0 3 0 
Multiple myeloma (C90) 131 0.2 76 0.1 
Lymphoid leukaemia (C91) 478 1.1 253 0.6 

Myeloid leukaemia (C92-94) 727 1.5 617 1.3 

Leukaemia unspecified (C95) 31 0.1 19 0 

Myeloproliferative disorders  28 0.1 19 0 

Myelodysplastic syndromes  12 0 8 0 
Other and unspecified  466 0.9 434 0.8 

All sites  24247 47.9 35869 67.5 

All sites but skin  20874 41.8 31669 60 
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A.2 Summary of studies of 5-year Survival from TYA Cancer by First Primary Tumour Group 
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Appendix B (for Chapter 2) 

B.1 Registry Rules for Recording Radiotherapy 

The study protocol requested registries to distinguish, if possible, between women who 

actually received radiotherapy and those for whom it was indicated but not necessarily received.  

It was also requested that the registry indicate the convention for recording radiotherapy.  Not all 

registries supplied this information, but the information that was supplied is presented in  

Table B-1.   

Country Registry Recording Convention or Extra Information 

   
Australia New South Wales Central 

Cancer Registry 
Proportion of patients receiving RT has decreased 
since 1999, and registry suspect this is a notification 
issue rather than a true effect 

Canada  Alberta Cancer Registry Patient initially treated with RT as part of initial 
planned treatment 

Canada British Columbia Cancer 
Registry 

RT recorded if given as part of initial planned 
treatment 

Canada  Ontario Cancer Registry RT recorded if patient is likely to have received 
radiotherapy  

China Tianjin Cancer Registry All patients were diagnosed by Tianjin Cancer Hospital 
but not given radiotherapy by there, so radiotherapy 
status is unclear 

Finland Finnish Cancer Registry Registry specific whether RT was started 0-4 months, 
>4 months or unknown time started 

Germany Bremen Cancer Registry If there was a fitting notification on or within 6 
months after first diagnosis from radiotherapist then 
radiotherapy was assumed yes, but it is not sure in 
some cases whether RT was administered to breast or 
other body regions 

Iceland Icelandic Cancer Registry RT administered for index breast cancer within 6 
months of diagnosis 

Italy Lombardy Cancer Registry 
&  
Sondrio Cancer Registry 

RT only recorded as Yes if actually given.  Women who 
didn’t receive any radiotherapy are not distinguished 
from those whom it was indicated but not actually 
received 

Italy Parma Province Cancer 
Registry 

RT recorded within 6 months from diagnosis, including 
complementary of palliative therapy  

Italy Piedmont Cancer Registry Radiotherapy information retrieved with a record-
linkage with cancer registry data and radiotherapy 
regional files 

Italy Venetian Tumour Registry Radiotherapy recorded if given within 6 months from 
diagnosis to treat the primitive lesion 
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Japan Nagasaki Prefectural 

Cancer Registry 
Only included cases with RT 

Philippines Philippine Cancer Society-
Manila Cancer Registry 

Specified if before or after 6 months, or unknown 

Philippines Department of Health-Rizal 
Cancer Registry 

Specified if before or after 6 months, or unknown 

Switzerland Grisons Cancer Registry 
Cancer Registry of  St. Gall-
Appenzell 

X-ray therapy given as part of the first course of 
therapy and within 6 months of diagnosis 

UK West Midlands Cancer 
Intelligence Unit 

Only radiotherapy given to treat the primary breast 
cancer has been included.  The WMCIU is not always 
notified of radiotherapy given at extra-regional Cancer 
Centres.  This may result in artificially low numbers for 
trusts sending patients outside of the West Midlands 
for RT 

USA Connecticut Tumour 
Registry 

RT for the “first course” defined as the four months of 
the start of the cancer treatment 

USA Surveillance Epidemiology 
and End Results Program 
(2008) 

Before 1998, radiotherapy was only recorded if 
administered in the first four months following 
surgery.  The new recording procedure states that it 
will be recorded it received as part of the first course 
of treatment, whenever it was administered 

US Puerto Rico Central Cancer 
Registry 

Radiotherapy recorded if it was part of the first course 
of treatment 

   
 
Table B-1: Recording conventions for radiotherapy by registry (if supplied).  
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B.2 Data Description of all the Registries that Supplied Data to COBS 
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B.3 ICD codes for cardiac deaths, fully expanded and categorised  
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B.4 Detailed Statistical Methodology for COBS Study 

B.4.1 Calculation of mortality ratio and associated variance using a weighted average 
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Table C-1: List (including quote from results and conclusion in abstract) of eligible articles that used a 
comparison of irradiated and unirradiated women from systematic review of studies that used the SEER 
public-use data set to analyse disease control, toxicity or late heart disease and second malignancy 
associated with radiotherapy for breast cancer.  
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Table C-2: List (including quote from results and conclusion in abstract) of eligible conference abstracts 
that used a comparison of irradiated and unirradiated women from systematic review of studies that 
used the SEER public-use data set to analyse disease control, toxicity or late heart disease and second 
malignancy associated with radiotherapy for breast cancer.   
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Table C-3: List (including quote from results and conclusion in abstract) of eligible articles that used a 
laterality comparison from systematic review of studies that used the SEER public-use data set to analyse 
disease control, toxicity or late heart disease and second malignancy associated with radiotherapy for 
breast cancer.   
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Cause of 
death 

Breast conserving surgery * 

(10,801 women in 17 trials) 

Deaths / 
Women Logrank 

O-E‡ 
Variance 

of O-E 

Ratio of 
annual death 

rates 
RT: No RT 

RT No RT 

      

Breast 
cancer 

849 / 
5,452 

1,051 / 
5,349 

-85.3 440.3 
0.82 

(SE 0.04) ¶ 

All 
causes 

 

1,536 / 
5,452 

1,607 / 
5,349 

-63.2 739.5 
0.92 

(SE 0.04) 

Other 
causes§ 

 

687 / 
5,452 

556 / 
5,349 

22.1 299.2 
1.08 

(SE 0.06) 

 

Cause 
of 

death 

Mastectomy and axillary dissection
 
† 

(3,131 node-positive women in 14 trials) 

 Deaths / Women 
Logrank 

O-E 
Variance 

of O-E 

Ratio of 
annual 

death rates 
RT: No RT 

 
RT No RT 

      

Breast 
cancer 

832 / 
1,550 

941 / 
1,581 

-62.0 367.0 
0.84 

(SE 0.05) 

All 
causes 

 

1,001 / 
1,550 

1,073 / 
1,581 

-52.1 430.4 
0.89 

(SE 0.05) 

Other 
causes§ 

 

169 / 
1,550 

132 / 
1,581 

9.9 63.4 
1.17 

(SE 0.14) 

 

* Results for breast cancer and all causes of death in trials of radiotherapy after breast conserving surgery 

obtained from Webfigures 3, 12a, 12b, 12c of EBCTCG 2011. 

† Results for breast cancer and all causes of death in trials of radiotherapy after mastectomy and axillary 

dissection calculated from Webfigure 30 of EBCTCG 2014.  

‡ SE: standard error 

§ Logrank “Observed minus expected”.  

¶ Results for other causes obtained by subtraction of results for breast cancer from results for all causes.  

Results for all women for breast cancer, all causes, and other causes (shown in Table 1) calculated by 

addition of results for women given breast conserving surgery and women given mastectomy and axillary 

dissection. Results for all women for other specified causes of death calculated by addition from results 

shown in Figure 1 of EBCTCG 2005  

Table C-4: Randomised evidence: death rate ratios in 13,932 women with early breast cancer randomised 
to receive adjuvant radiotherapy (RT) or not (No RT). 
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 Number of women  Percentage given RT 

Cardiac 

deaths 

Breast 

cancer 

deaths 
 Left-sided Right-sided  Left-sided Right-sided 

Stage        

Localised 181,801 175,402  46 46 13,033 26,563 

Regional 102,980 98,688  45 46 7,179 49,722 

        

Surgery         

BCS * 129,374 125,675  78 78 5,022 16,623 

Mastectomy 155,407 148,415  19 20 15,190 59,662 

        

Calendar year of diagnosis       

1973-1982 32,857 30,716  22 22 6,565 21,705 

1983-1992 49,896 47,662  29 29 6,639 23,119 

1993-2002 107,284 103,499  52 53 6,009 25,216 

2003-2008 94,744 92,213  55 56 999 6,245 

        

Age at diagnosis       

20-49 79,904 78,308  48 48 1,265 25,681 

50-59 74,604 71,740  49 50 3,163 20,215 

60-69 71,392 68,366  45 46 6,901 18,169 

70-79 58,881 55,676  39 40 8,883 12,220 

        

Race / ethnicity       

White 238,657 230,139  46 46 17,408 63,218 

Black 24,207 22,679  45 45 2,011 8,931 

Other / 

unknown 

21,917 21,272  46 46 793 4,136 

        

Total 284,781 274,090  46 46 20,212 76,285 

         * Breast conserving surgery 

Table C-5: Patient characteristics of SEER observational cohort used in the methodological discussion as a 

comparison to randomised data. 
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Certified 
 cause of death 

Number of deaths / Woman-years at risk 

RT  No RT 
   

Breast 
conserving 

surgery 
RT: 197,727 

No RT: 57,322* 

Mastectomy ¶ 
RT: 59,249 

No RT: 244,573 

 Breast 
conserving 

surgery 
RT: 197,727 

No RT: 57,322 

Mastectomy 
RT: 59,249 

No RT: 244,573 

       

Breast cancer 11,882 / 66,253† 16,421 / 84,313  4,741 / 20,124 43,241 / 263,157 

Other deaths 14,971 / 107,341 7,960 / 80,734  6,130 / 613,085 44,530 / 419,107 

 Lung cancer‡ 962 / 7,438 344 / 4,715  261 / 1,395 1,785 / 18,646 

 Other cancers 3,544 / 26,090 1,716 / 16,923  1,110 / 6,454 8,508 / 84,936 

 Heart disease 3,392 / 23,212 2,468 / 25,549  1,630 / 7,844 12,722 / 111,366 

 Other diseases 5,976 / 42,592 2,603 / 25,850  2,637 / 13,222 17,852 / 168,030 

 Accidents & 
      violence 

409 / 2,470 191 / 1,469  153 / 648 1,095 / 9,017 

All causes § 
26,853 / 173,594 

24,381 / 
165,047 

 
10,871 / 5,828 87,771 / 682,265 

       

* Number of women recorded as receiving radiotherapy (RT) or as not receiving radiotherapy (No RT).  

† Numbers of deaths/number of woman-years at risk.  
‡ Includes only deaths from women with microscopically confirmed lung cancer, identified by cross-

matching of recorded deaths to SEER data file of lung cancer registrations. 
§ Includes deaths with unknown cause. 

¶ Mainly node-negative women 
Table C-6: Observational evidence: numbers of deaths and woman-years at risk in 558,871 women 
registered as having breast cancer and recorded as receiving radiotherapy (RT) or not (No RT) in the SEER 
public-use data set. 
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Certified 
 cause of death 

Number of deaths / Woman-years at risk 

RT  No RT 
   

Breast 
conserving 

surgery 
RT: 186,571  

No RT: 54,146* 

Mastectomy ¶ 
RT: 40,745 

No RT: 151,381 

 
Breast conserving 

surgery 
RT: 186,571  

No RT: 54,146* 

Mastectomy 
RT: 40,745 

No RT: 151,381 

       

Breast cancer 9,628 / 48,655 † 7,858 / 31,822  4,070 / 15,903 16,715 / 78,215 

Other deaths 11,731 / 73,402 2,339 / 12,604  4,811 / 21,804 16,360 / 98,263 

 Lung cancer‡ 771 / 5,144 96 / 616  222 / 1,086 778 / 5,236 

 Other cancers 2,895 / 18,538 644 / 3,538  919 / 4,702 3,208 / 20,577 

 Heart disease 2,691 / 16,152 592 / 3,085  1,316 / 5,644 4,422 / 25,343 

 Other diseases 5,017 / 31,665 928 / 5,013  2,227 / 9,898 7,499 / 44,608 

 Accidents & 
      violence 

357 / 1,903 79 / 352  127 / 475 453 / 2,499 

All causes § 21,910 / 125,775 10,402 / 45,499  9,157 / 39,237 33,858 / 181,584 

       

* Number of women recorded as receiving radiotherapy (RT) or as not receiving radiotherapy (No RT).  

† Numbers of deaths/number of woman-years at risk.  
‡ Includes only deaths from women with microscopically confirmed lung cancer, identified by cross-

matching of recorded deaths to SEER data file of lung cancer registrations. 
§ Includes deaths with unknown cause. 

¶ Mainly node-negative women 
Table C-7: Observational evidence: numbers of deaths and woman-years at risk in 432,843 women 
registered as having breast cancer from 1990 onwards and recorded as receiving radiotherapy (RT) or not 
(No RT) in the SEER public-use data set. 
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Appendix D (for Chapter 4) 

 

Figure D-1: Cardiac mortality in irradiated and unirradiated women with left-sided breast cancer versus 
women with right-sided breast cancer subdivided by geographic region. 
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Figure D-2: Mortality from ischaemic heart disease and other types of heart disease in irradiated women 
with left-sided breast cancer versus irradiated women with right-sided breast cancer subdivided by 
country. 
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Women diagnosed with breast cancer aged <60 

 
Number of 

cardiac deaths  
Stratification only  

Stratification and 
adjustment for 

confounding 

 
Left- 
sided 

Right- 
sided  

Cardiac 
mortality ratio 

(95% CI) 
 

Odds ratios of 
mortality ratios 

(95% CI) 
 

Odds ratios of 
mortality ratios 

(95% CI) 

         Years since diagnosis 
       0-4  523 494 

 
1.01 (0.89-1.14) 

 
1 

 
1 

5-14  907 734 
 

1.16 (1.05-1.28) 
 

1.15 (0.97-1.33) 
 

1.18 (0.99-1.37) 
15+  2048 1536 

 
1.27 (1.19-1.36) 

 
1.27 (1.09-1.44) 

 
1.36 (1.12-1.59) 

      

2p for 
trend=0.0008 

 
2p for trend=0.0005 

Calendar year of diagnosis 
       <1970 1013 801 

 
1.19 (1.08-1.30) 

 
1 

 
1 

1970-89 1808 1409 
 

1.22 (1.14-1.31) 
 

1.03 (0.91-1.15) 
 

1.07 (0.93-1.21) 
1990+ 657 554 

 
1.14 (1.01-1.27) 

 
0.95 (0.81-1.09) 

 
1.15 (0.93-1.38) 

      
2p for trend=0.62 

 
2p for trend=0.15 

Region 
        Britain & Ireland 316 271 

 
1.10 (0.93-1.29) 

 
0.93 (0.76-1.09) 

 
0.89 (0.73-1.06) 

Nordic 1312 1041 
 

1.18 (1.09-1.28) 
 

1.00 (0.89-1.12) 
 

0.97 (0.85-1.09) 
Other Europe 457 319 

 
1.34 (1.16-1.54) 

 
1.12 (0.93-1.30) 

 
1.04 (0.87-1.22) 

N America 1339 1089 
 

1.19 (1.09-1.28) 
 

1 
 

1 
Other regions 54 44 

 
1.17 (0.77-1.80) 

 
0.96 (0.56-1.37) 

 
0.94 (0.54-1.33) 

      

2p for 
heterogeneity=0.55 

 

2p for 
heterogeneity=0.69 

Chemotherapy 
        Yes 196 147 

 
1.43(1.14-1.79) 

 
1.15 (0.88-1.42) 

 
1.21 (0.92-1.50) 

No 1273 1003 
 

1.18 (1.09-1.29) 
 

1 
 

1 
Unknown 24 14 

 
1.35 (0.68-2.67) 

 
1.00 (0.90-1.11) 

 
1.00 (0.85-1.16) 

Not recorded 1985 1600 
 

1.18 (1.10-1.26) 
 

1.15 (0.36-1.93) 
 

1.22 (0.38-2.06) 

      

2p for 
difference=0.23 

 

2p for 
difference=0.19 

Hormonal therapy 
       Yes 227 205 

 
1.03 (0.85-1.25) 

 
0.84 (0.66-1.01) 

 
0.87 (0.68-1.07) 

No 1233 941 
 

1.24 (1.14-1.35) 
 

1 
 

1 
Unknown 16 4 

 
2.94 (0.97-8.90) 

 
2.41 (-0.27-5.09) 

 
2.51 (-0.29-5.31) 

Not recorded 2002 1614 
 

1.18 (1.10-1.26) 
 

0.96 (0.86-1.07) 
 

0.98 (0.82-1.13) 

      

2p for 
difference=0.10 

 

2p for 
difference=0.10 

Stage 
        Localised 1100 918 

 
1.13 (1.03-1.24) 

 
1 

 
1 

Regional 1038 798 
 

1.27 (1.15-1.39) 
 

1.12 (0.97-1.26) 
 

1.13 (0.98-1.27) 
Metastatic 69 53 

 
1.20 (0.83-1.75) 

 
1.04 (0.65-1.43) 

 
1.15 (0.71-1.60) 

DCIS 42 35 
 

1.26 (0.80-1.99) 
 

1.07 (0.58-1.57) 
 

1.09 (0.58-1.60) 
Unknown 501 357 

 
1.34 (1.16-1.54) 

 
1.16 (0.97-1.35) 

 
1.12 (0.89-1.35) 

Not recorded 728 603 
 

1.12 (1.01-1.25) 
 

1.00 (0.86-1.14) 
 

1.01 (0.86-1.17) 

      

2p for difference 
(local vs 

regional)=0.42 
 

2p for difference 
(local vs 

regional)=0.41 

       
table cont. on next page 
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Surgery 

       BCS 532 489 
 

1.05 (0.93-1.18) 
 

1 
 

1 
Mastectomy 584 481 

 
1.15 (1.02-1.30) 

 
1.10 (0.91-1.29) 

 
1.12 (0.92-1.33) 

None 29 33 
 

0.69 (0.39-1.24) 
 

0.74 (0.34-1.14) 
 

0.77 (0.35-1.19) 
Unknown 1570 1144 

 
1.30 (1.20-1.40) 

 
1.23 (1.05-1.41) 

 
1.26 (1.05-1.48) 

Not recorded 763 617 
 

1.16 (1.04-1.29) 
 

1.11 (0.93-1.29) 
 

1.16 (0.93-1.40) 

      

2p for 
difference=0.29 

 

2p for 
difference=0.69 

Race / Ethnicity 
        White 1786 1397 

 
1.22 (1.14-1.31) 

 
1 

 
1 

Black 160 142 
 

1.04 (0.82-1.31) 
 

0.86 (0.66-1.07) 
 

0.91 (0.68-1.14) 
Asian / pacific 62 47 

 
1.39 (0.93-2.06) 

 
1.13 (0.69-1.58) 

 
1.15 (0.69-1.61) 

Other 39 19 
 

1.58 (0.89-2.81) 
 

1.34 (0.58-2.09) 
 

1.22 (0.51-1.93) 
Unknown 250 229 

 
1.02 (0.85-1.22) 

 
0.83 (0.67-0.99) 

 
0.72 (0.48-0.96) 

Not recorded 1181 930 
 

1.19 (1.09-1.29) 
 

0.96 (0.85-1.06) 
 

0.93 (0.81-1.05) 

      

2p between known 
categories =0.38 

 

2p between known 
categories=0.63 

         

 
Table D-1: Cardiac mortality in women with left-sided breast cancer versus women with right-sided 
breast cancer for women diagnosed before age 60 subdivided by various factors.  
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D.1 Details of cumulative mortality estimate 

Age 
Cumulative mortality (%) 

RT+: left RT+: right 

   
Diagnosed aged 35 years 

   
35-39 0.007 0.007 
40-44 0.039 0.039 
45-49 0.187 0.094 
50-54 0.453 0.193 
55-59 0.749 0.351 
60-64 1.265 0.630 
65-69 1.833 1.153 
70-74 2.952 2.186 
75-79 5.364 4.416 

   
Diagnosed aged 45 years 

   
45-49 0.055 0.055 
50-54 0.155 0.155 
55-59 0.342 0.315 
60-64 0.670 0.595 
65-69 1.317 1.122 
70-74 2.590 2.161 
75-79 4.991 4.407 

   
Diagnosed aged 55 years 

   
55-59 0.181 0.163 
60-64 0.500 0.450 
65-69 1.179 0.989 
70-74 2.512 2.051 
75-79 5.326 4.345 

   
Diagnosed aged 65 years 

   
65-69 0.583 0.566 
70-74 1.740 1.684 
75-79 4.257 4.094 
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Appendix E (for Chapter 5) 

E.1 Investigation of significant right-sided excess in first event analysis of other pericardial 

disease 

 

The estimates calculated using a multivariate model with an additional person-years 

weighted average and subdivided by years since diagnosis, age, calendar year and country of 

diagnosis show a right-sided excess in a number of the groupings.   There was a right-sided excess 

in the groups with the largest person-years, for example women aged 60 years or older, when 

calculated by a univariate model, which was more significant by applying the person-years 

weighting after the multivariate model.  Therefore, the groups with the greatest person-years had 

the lowest incidence ratio estimates, and resulted in an overall right-sided excess.  However, the 

numbers are so low for this endpoint that the estimates for the subdivisions are mainly due to 

chance.  The multivariate incidence ratio was calculated for wider subgroupings of the patient 

characteristics: time since 0-14, 15+; age <60, 60+; calendar year: <2000, 2000+, was  

0.69 (0.42-1.13), which is more reasonable.  However, this estimate was not presented in Chapter 

5 to ensure consistency in the calculation of the estimates. 
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Appendix F (for Chapter 6) 

F.1 Details of cumulative mortality estimate 

Age 
Cumulative mortality (%) 

RT+:  ipsilateral RT+: contralateral l 

   
   

Diagnosed aged 45 years 
   

45-49 0.082 0.062 
50-54 0.261 0.198 
55-59 0.730 0.403 
60-64 1.366 0.683 
65-69 2.009 1.041 
70-74 2.710 1.435 
75-79 3.527 1.897 

   
Diagnosed aged 55 years 

   
55-59 0.321 0.210 
60-64 0.758 0.496 
65-69 1.612 0.863 
70-74 2.538 1.265 
75-79 3.746 1.738 

   
Diagnosed aged 65 years 

   
65-69 1.001 0.386 
70-74 2.088 0.809 
75-79 2.715 1.306 
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Appendix G (for Chapter 7) 

 

Figure G-1: Cumulative mortality by attained age of all heart disease combined for breast cancer, cervical 
cancer, other genitourinary, CNS tumours, and non-Hodgkin lymphoma 5-year survivors, subdivided by 
age at cancer diagnosis and observed versus expected deaths. 

 

 

 

 



DPhil Thesis: Katherine E Henson 
Appendices  

281 

 
G.1 Investigation into potential confounding of SMRs and AERs 

Initially, cross-tabulations highlighted correlation between the two measures of follow-

up: attained age and years since diagnosis (Table G-1).   

Years 
since 
diagnosis 

Attained Age 

20 --9 30 -- 9 40 -- 9 50 -- 9 60 -- 9 70 + 

      5 -- 9 15 68 213 0 0 0 

 
3,485 13,328 26,804 0 0 0 

 
111,881 388,482 578,797 0 0 0 

       

10 -- 14 4 39 191 98 0 0 

 
1,211 9,118 28,869 11,235 0 0 

 
22,700 181,381 458,770 155,508 0 0 

       

15 -- 19 0 27 120 244 0 0 

 
0 3,554 15,379 22,264 0 0 

 
0 67,781 224,601 295,972 0 0 

       

20 -- 24 0 4 71 238 120 0 

 
0 791 7,761 18,168 6,338 0 

 
0 13,254 98,470 220,130 72,272 0 

       

25 -- 29 0 0 37 105 251 0 

 
0 0 3,482 10,123 14,412 0 

 
0 0 32,613 95,938 121,686 0 

       

30 + 0 0 9 84 207 182 

 
0 0 720 6,579 17,925 11,535 

 
0 0 5,120 40,516 95,113 44,118 

       
 

Cardiac deaths 

5-year survivors 

Person-years 
Table G-1: Cross tabulation of cardiac deaths, number of 5-years survivors and person-years by attained 
age and years since diagnosis 
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Table G-2: Relative risk (RR) and excess mortality ratio (EMR) by potential explanatory factors, estimated 
using a univariable model (corresponding to Table 7-3, Table 7-8 and Table 7-9). 
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Table G-3: Relative risk (RR) and excess mortality ratio (EMR) by potential explanatory factors, estimated 
using a multivariable model including attained age (corresponding to Table 7-3, Table 7-8 and Table 7-9). 
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Table G-4: Relative risk (RR) and excess mortality ratio (EMR) by potential explanatory factors for specific 
FPT groups, estimated using a univariable model (corresponding to Table 7-5, Table 7-6 and Table 7-7). 

 

 

 

Table G-5: Relative risk (RR) and excess mortality ratio (EMR) by potential explanatory factors for specific 
FPT groups, estimated using a multivariable model including attained age (corresponding to Table 7-5, 
Table 7-6 and Table 7-7). 

  



DPhil Thesis: Katherine E Henson 
Appendices  

285 

 

Appendix H: Henson, K. E., P. McGale, C. Taylor and S. C. Darby (2013). 

"Radiation-related mortality from heart disease and lung cancer more than 

20 years after radiotherapy for breast cancer." Br J Cancer 108(1): 179-182. 
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