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Abstract 

This thesis aims to enhance cancer prevention by investigating the factors and outcomes 
associated with false-positive (FP) mammography recalls, as well as understanding the 
association between breast cancer risk factors of women and cancer risk among their relatives. 
Specifically, four studies were conducted using data from Swedish national registers, the 
Karolinska Mammography Project for Risk Prediction of Breast Cancer (KARMA) cohort, and 
the Linné-Bröst1 (Libro-1) cohort. 

In Study I, we characterized factors associated with FP mammography recalls, comparing 
women with a FP recall to those who were not recalled and to those who had a true-positive 
recall (screen-detected cancer). We found that several mammographic and non-mammographic 
factors, as well as high breast cancer risk scores, were associated with having a FP recall. 
However, these factors were either equally or more strongly associated with having a true-
positive recall.  

In Study II, using a matched-cohort design, we examined the risk of subsequent breast cancer 
among women with a FP mammography recall. We observed a long-term increased breast 
cancer risk after a FP recall, compared with women who were not recalled. The elevated breast 
cancer risk differed by age and mammographic density at the matching mammography. In 
addition, the increased risk for breast cancer diagnosed on the ipsilateral side to the FP recall 
decreased over time and was highest within the first four years of follow-up. 

In Study III, we investigated whether specific breast cancer risk factors in women were 
associated with their sisters' breast cancer incidence. We found that for women with high breast 
cancer risk prediction scores, benign breast disease (BBD), and high mammographic density, 
there was an increased risk of breast cancer for their sisters. 

In Study IV, we investigated the associations of both carriership of protein-truncating variants 
(PTV) in eight genes and breast cancer polygenic risk scores (PRS) in women, with the risk of 
cancers in their first-degree relatives. We observed an elevated breast cancer risk among female 
relatives of women with PTVs, and among those with high breast cancer PRS. Additionally, 
we found a slightly elevated risk of cancers related to hereditary breast and ovarian cancer 
syndrome (HBOC)—other than breast cancer—among relatives of women with either high 
PRS or PTVs in the studied genes.  

In summary, this thesis provides valuable information for both screening processes and genetic 
counseling. Although none of the studied factors are viable for interventions aimed at reducing 
FP recalls—due to the risk of simultaneously missing tumors—our results may aid in tailoring 
individualized surveillance plans for women with a FP recall. Additionally, our results suggest 
that women’s breast density and breast cancer risk scores—information that will be available 
at screening—may be useful for estimating the breast cancer risk in their sisters. Furthermore, 
PTVs in non-BRCA genes might offer insights into cancer aggregation in families. Overall, this 
thesis advances evidence-based cancer prevention in the era of precision medicine.
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1 Introduction  

Breast cancer has long been the most common cancer and one of the leading causes of cancer 
death among females [1-3]. Consequently, enormous efforts have been made to prevent breast 
cancer and reduce mortality from the disease. Primary prevention of breast cancer focuses on 
preventing the disease before it occurs by modifying lifestyles or employing chemoprevention, 
while secondary prevention aims to detect and treat the disease in its early stages to achieve 
better prognosis [4, 5].  

Mammography screening is widely used as a secondary prevention method to detect breast 
cancer early, and it has been implemented in many developed countries for several decades [6]. 
Studies consistently show that mammography screening has reduced breast cancer death rates 
by over 20% [6-9]. However, false-positive (FP) results, in which women are recalled for 
further examinations but are found to be free of breast cancer, are common [6, 10-12]. Since a 
FP result can lead to a psychological burden and may influence subsequent participation rates 
in screening, it is considered one of the major harms of mammography screening [13-15]. 
Currently, there are no interventions to reduce FP mammography recalls in screening, and 
understanding of the subsequent long-term breast cancer risk is limited. 

Predicting cancer risk has become a critical focus, as identifying individuals at high risk can 
potentially facilitate more effective primary or secondary prevention strategies. In recent 
decades, many genetic and non-genetic risk factors for breast cancer have been identified [16, 
17]. Based on these findings, risk prediction tools have been developed to provide more 
personalized assessments of breast cancer risk [18-21]. While a breast cancer diagnosis in a 
woman can be useful to estimate the breast cancer risk for her relatives, it is still unclear 
whether other factors of a woman can be used to estimate her relatives' risk of developing the 
disease. Considering that both common and rare variants of breast cancer are associated with 
cancers at other sites [22, 23], we also examine the association between women's genetic risk 
factors and the risk of cancer at other sites in their relatives. 

This thesis is dedicated to contributing to the prevention of breast cancer by exploring several 
key areas of concern. Specifically, we investigate whether breast cancer risk factors can be 
potentially harnessed to minimize FP mammography results, whether and what surveillance 
programs might be beneficial for women who received a FP result, and whether information 
on breast cancer risk factors of women could prove useful to their relatives in terms of assessing 
both breast cancer risk and cancer risk at other sites. 
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2 Background 

2.1 Breast cancer epidemiology 

Breast cancer has consistently been recorded as the most common cancer diagnosed in females 
[1-3, 24]; in 2020, with an estimated more than 2.3 million cases diagnosed, female breast 
cancer surpassed the number of new lung cancer cases and became the most commonly 
diagnosed cancer overall [1]. It is estimated that one in eight to ten females will be diagnosed 
with breast cancer during their lifetime [25, 26]. The incidence of breast cancer has been 
increasing for decades, a trend that is attributed to changes in lifestyle factors, reproductive 
patterns, and increases in screening programs and heightened disease awareness [27]. 

Breast cancer is the leading cause of death from cancer in women [1]. It was estimated that 
globally, around 0.68 million women died from breast cancer in 2020 [1]. Developed countries 
have seen mortality rates decrease for decades, primarily due to advancements in breast cancer 
treatments and the implementation of mammography screening programs [25, 28].  

In Sweden, breast cancer is the most frequent malignancy among females [29, 30]. Similar to 
the trend observed in other developed countries, the incidence of breast cancer in Sweden has 
increased in the last half-century, while the mortality rate has decreased, as shown in Figure 
2.1.  

 

Figure 2.1 Breast cancer incidence and mortality among females in Sweden [31]. 

2.2 Risk factors of breast cancer  

Both genetic and environmental factors play important roles in breast cancer carcinogenesis. 
The following are common risk factors for breast cancer, classified into categories including 
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family history of breast cancer, genetic factors, hormone-related factors, lifestyle factors, 
mammographic features, and history of benign breast diseases (BBD).  

2.2.1 Family history of breast cancer 

Family history of breast cancer has long been recognized as a strong risk factor for breast cancer 
[32, 33]. Compared to women without any relatives affected by breast cancer, women with one 
affected first-degree family member (including mothers, sisters and daughters) are associated 
with around a 1.8-fold increase in risk [34]. Factors such as the degree of kinship (first or 
second), the number of affected family members, and relatives' age at breast cancer diagnosis 
influence the magnitude of this risk [32, 34, 35]. Generally, risk is higher when the kinship is 
closer, the number of affected relatives is greater, and the age of onset is younger (e.g., <50 
years old). For example, compared with women without a positive family history, the risk of 
breast cancer increases 1.5-fold for those with one affected second-degree relative and 2.93-
fold for those with two affected first-degree relatives [34]. If multiple cases of breast cancer 
exist within a family, these cancers can be categorized as familial breast cancer [36]. This 
familial aggregation of breast cancer, to a large extent, is due to inherited factors [37-39].  

2.2.2 Genetic risk factors for breast cancer 

The heritability of breast cancer has been estimated to be 25-31 percent in twin or family-based 
studies [40-42]. Genetic risk predisposition to breast cancer can be classified into three 
categories: highly penetrant but rare variants, moderately penetrant but rare variants, and low-
penetrance but common variants. In Figure 2.2, selected genes are used to illustrate these 
categories by plotting the magnitude of each variant's association with breast cancer against its 
minor allele frequency. 

Figure 2.2 Breast cancer susceptibility by minor allele frequency and estimated relative risk. 
Image sourced from [43]. 

Approximately 5-10% of all breast cancer are caused by inherited high- or moderate-
penetrance variants and are known as inherited breast cancer [44]. The most common causes 
of inherited breast cancer are genetic mutations in either BRCA1 or BRCA2 [45, 46]. Since the 
discovery of BRCA1 and BRCA2 mutations in linkage studies [47-49], other rare variants (the 
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minor allele frequency of <0.01), which confer a high or moderate increase in the risk of breast 
cancer, have been identified. These include mutations in genes such as PTEN, TP53, CDH1, 
STK11, CHEK2, BRIP1, ATM, and PALB2 [50-58]. 

For each gene, the reported relative risk associated with the variants varied depending on 
several factors including the specific loci, type of variants (such as protein-truncating or 
missense variants), sample size of the study, and the length of the follow-up period. Dorling et 
al. conducted a study with the largest sample size to date, potentially providing the most precise 
association of risk estimates [59]. They found strong evidence of an increased breast cancer 
risk in protein-truncating variants (PTV) of nine genes, including ATM, BRCA1, BRCA2, 
CHEK2, PALB2, BARD1, RAD51C, RAD51D, and TP53 [59]. Owing to the rarity of missense 
variants, Dorling and colleagues found limited new information regarding these variants, with 
the exception of clear evidence related to missense variants in the CHEK2 gene [59]. 

Studies have also shown that some of these genetic mutations can result in the clustering of 
other cancers within the family. For example, BRCA1 and BRCA2 mutations can lead to 
Hereditary Breast and Ovarian Cancer syndrome (HBOC), meaning that carriers are more 
likely to develop breast, ovarian, prostate, pancreatic cancers and melanoma than non-carriers 
in their lifetime [22, 60]. Inherited mutations in TP53 can lead to Li-Fraumeni Syndrome, 
which increases the likelihood that carriers develop early-onset cancers, including breast 
cancer, leukemia, brain tumors, and sarcomas [45, 46, 61]. 

In the recent decade, thanks to advanced laboratory techniques and sequencing capabilities, a 
rising number of single nucleotide polymorphisms (SNPs) associated with breast cancer risk 
have been identified in genome-wide association studies (GWAS) carried out by big 
international consortia [62-65]. A SNP is a substitution of a single nucleotide at either a gene 
or intergenic region, occurring in 1% or more of the population [65]. Though the risk of breast 
cancer associated with each SNP is mild, their combined effects (computed into a weighted 
score) have great potential in predicting breast cancer. This combined weighted score is usually 
referred to as a polygenic risk score (PRS) [66, 67]. In Mavaddat et al's study, the results 
showed that women in the top centile of the best-performing breast cancer PRS (based on 313 
SNPs) were associated with an over 30% lifetime probability of developing breast cancer. [68]. 
In a recent GWAS study, 32 new loci were identified, and when coupled with 178 risk loci 
identified previously, these 210 allele variants could explain around 18% of the two-fold breast 
cancer familial risk [64]. GWAS have also provided evidence that some SNPs can affect more 
than one phenotype [69, 70], and associations between many diseases and breast cancer 
susceptibility genes, or vice versa, have been identified [23, 71, 72]. 

2.2.3 Hormone-related factors 

Hormone-related factors can be categorized into endogenous hormone-related factors and 
exogenous hormonal medicines. Both early age at menarche and late age at menopause are 
positively associated with breast cancer risk, as they can prolong the duration of a woman's 
reproductive years [73, 74]. In a meta-analysis study, researchers found that an additional 
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reproductive year due to earlier menarche was associated with a greater risk than an additional 
reproductive year due to later menopause. This finding suggests that the effect on breast cancer 
risk might not be solely attributed to the lengthening of a woman's reproductive years [75].  

Reproductive factors are also well-studied as breast cancer risk factors. Nulliparity has 
consistently been shown as a risk factor [73, 74], whereas having more children, early age at 
full-term pregnancy are shown as protective factors against developing breast cancer [74, 76-
78]. Women who have breastfed have a lower risk of breast cancer compared to women who 
have never breastfed. Moreover, studies suggest that breastfeeding serves as a protective factor 
against hormone-receptor-negative breast cancer [79-81]. 

Exogenous hormones usually come in two forms: the use of hormone replacement therapy 
(HRT) and hormonal contraceptives [82]. The use of HRT, also referred to as menopausal 
hormonal treatment, is shown to be a risk factor for breast cancer [83-85]. The harm-benefit 
profile of HRT has been controversially argued [86]. HRT was first introduced in clinical 
settings in the 1940s to treat symptoms of menopause and gained popularity in the late 1960s. 
Its use declined abruptly due to a study that found HRT to be associated with an increased risk 
of breast cancer and coronary heart disease [86, 87]. In several developed countries, this decline 
in HRT usage partially contributed to a fall in breast cancer incidence rates in the early 2000s 
[27]. However, more recent data suggest a favorable harm-benefit profile for HRT in young 
women (age<60), including reduced risks of coronary heart disease and all-cause mortality 
[86]. In terms of breast cancer risk, studies indicate that the use of estrogen alone, rather than 
in combination with progestogen, may be of less concern [86]. Taking either combined oral 
contraceptives or progestogen-only hormonal contraceptives is associated with an increased 
breast cancer risk, though the magnitude of this risk is considered to be slight [88-90].  

2.2.4 Lifestyle factors 

Lifestyle factors are significant contributors to the onset of breast cancer. The global increase 
in breast cancer incidence in recent decades is largely attributed to lifestyle changes, including 
increased alcohol consumption, smoking, higher body mass index (BMI), and sedentary 
behaviors [91-98]. Even moderate or light alcohol consumption is associated with an increased 
breast cancer risk [94, 95]. Smoking is moderately associated with breast cancer risk, 
particularly for those who started smoking at a young age or before giving birth to their first 
child [92, 93]. Studies have confirmed an increased risk of breast cancer due to high BMI 
among postmenopausal women [99, 100], whereas an inverse association is generally observed 
between obesity and breast cancer risk among premenopausal women [101, 102]. However, 
results indicated the positive association between obesity and premenopausal breast cancer risk 
in the Asian population [101, 103]. While sedentary behavior is associated with an elevated 
breast cancer risk [104], high levels of physical activity have consistently been shown to be 
associated with a significant reduction in breast cancer risk [91, 96-98].  
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2.2.5 Mammographic features  

With the implementation of mammography screening programs in many developed countries, 
mammographic features have gained increasing attention. Common mammographic features, 
which are also included in this thesis, include mammographic density, microcalcifications, and 
masses. Mammographic density is a strong and well-known risk factor for breast cancer; 
women with density over 75% of the breast have a 4-5 times greater risk of breast cancer than 
women with no or little density in the breast [105]. Mammographic microcalcifications on 
mammograms are considered an early sign of breast cancer [106-108]. While the majority of 
masses, particularly those in young women, result from benign diseases, some suspicious 
masses are signs of breast cancer [109]. More detailed information on mammographic features 
is summarized in the mammography screening section. 

2.2.6 Benign breast disease 

BBD is a term describing a broad category of breast diseases. Generally, the risk of developing 
BBD begins to rise during one's 20s and peaks in one's 40s to 50s. This is quite different from 
the risk profile of breast cancer, which is low at a younger age and increases after menopause 
[110]. The associations between a family history of breast cancer, hormonal factors, 
reproductive factors, and BMI with BBD are complex and vary by subtypes. For example, at 
premenopausal ages, women with nulliparity have a reduced risk of epithelial proliferation 
without atypia but an increased risk of cysts [111].  Since the implementation of mammography 
screening, the diagnosis of BBD has become common. Usually, based on histologic 
classification, BBD is categorized into proliferative diseases with atypia, e.g., epithelial 
proliferation with atypia; proliferative diseases without atypia, e.g., epithelial proliferation 
without atypia, fibroadenoma; and non-proliferative diseases, e.g., cysts [112, 113]. 
Proliferative BBDs, especially those with atypia, have long been recognized as a strong risk 
factor for breast cancer and are associated with a 2-5 fold increased risk of the disease. In 
contrast, non-proliferative BBDs are associated with only a slightly increased breast cancer risk 
[112, 114].  

2.3 Prediction tools 

Many breast cancer risk prediction models have been developed based on identified risk 
factors. These models aim to identify individuals at high risk of developing breast cancer, 
thereby guiding medical counseling and cancer prevention. The first breast cancer prediction 
model was developed in 1989, known as the Breast Cancer Risk Assessment Tool or the Gail 
model [115]. The Tyrer-Cuzick and Breast and Ovarian Analysis of Disease Incidence and 
Carrier Estimation Algorithm (BOADICEA) models were later developed in 2004 [116, 117]. 
These risk models have been updated several times to improve their performance by including 
additional risk factors. In recent years, due to the growing recognition of the predictive potential 
of mammographic density and PRS, these two factors have been incorporated into the latest 
versions of these models [19, 118, 119]. The Tyrer-Cuzick and BOADICEA models are among 
the most validated and well-performing [120, 121]. In a large independent cohort comprising 
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more than 15,000 women and featuring long-term follow-up (with a median follow-up of 
around 11 years), the BOADICEA and Tyrer-Cuzick models performed better than the Gail 
and BRCAPRO models, which are also commonly used, in breast cancer risk prediction [119].  

While the majority of risk models aim to predict breast cancer risk over a 5- or 10-year period, 
our group has developed the KARMA model, which focuses on predicting short-term risk (a 
2-year risk) to aid in improving breast cancer screening. This model uniquely incorporates 
computer-aided detection (CAD) of suspicious masses and microcalcifications [121-123]. 
Because the KARMA, Tyrer-Cuzick, and BOADICEA models are potential tools for future 
risk-based breast cancer screening and each incorporates different factors, we included them in 
this thesis. Table 2.1 provides an overview of the factors included in the most updated versions 
of these three risk models. 

Table 2.1 Summary of risk factors included in the three risk models. 
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2.4 Mammography screening  

2.4.1 Mammography screening 

Mammography is a technology that uses low-dose X-rays to detect breast cancer. The 
mammography screening program is an effective secondary preventive method that has 
contributed to a 20-40% reduction in the mortality rate of breast cancer by detecting the disease 
at early stages [7-9]. The starting age for mammography screening and the intervals between 
screenings vary from country to country. In most European countries, women aged 50 and 
older are invited for mammography screening every two years until turning 69 or 74 [124-130]. 
In Britain, women aged 50 to 70 are invited for breast cancer screening every three years [131]. 
In the US, there is neither a centrally organized breast cancer screening program nor a single 
standard recommendation [131]. In May 2023, the United States Preventive Services Task 
Force drafted an updated recommendation for breast cancer screening, encouraging women 
aged 40 to 74 to have mammograms at 2-year intervals [132]. Meanwhile, the American Cancer 
Society recommends that women begin annual mammography at age 45 (with the option to 
start at 40) until age 54, and then participate in mammography screening every other year 
thereafter [133]. Figure 2.3 provides information on the screening process. 

 

Figure 2.3 An overview of the screening process. 

In Sweden, the updated National Board of Health and Welfare recommends that women aged 
40 to 74 years old have a free mammogram every 18 to 24 months [134]. The starting age for 
screening and the length of the screening interval vary by region [135]. In Stockholm County, 
the mammography screening program started in January 1989, and all women aged 50 to 69 
years old were invited to have mammograms every 24 months [124, 136]. Since 2005, women 
aged 40 to 49 in Stockholm have been invited for mammography screening at 18-month 
intervals (which was changed to a 2-year interval in 2012). Since 2012, women aged 70 to 74 
have also been included in the program [124]. In this thesis, when screening information was 
used in the analysis, only women who were invited to attend mammography screening in the 
Stockholm region were included. 

2.4.2 Screening process and screening outcomes 

For every woman at each screening, mammograms are taken from both mediolateral oblique 
and craniocaudal views. According to the European guideline [137], the mammograms are 
independently read by two radiologists, who each give an interpretation (normal or suspicious). 
If the results differ, the radiologists discuss until they reach a consensus. For women whose 
mammograms are suspicious for breast cancer, further imaging or cytology examinations are 
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to be conducted [124]. Based on the result at each screening, the screening outcomes can be 
classified into four categories. The definition and frequency of screening outcomes are shown 
in Figure 2.4.  

 

Figure 2.4 Mammography screening outcomes. Note: The frequencies of the screening outcomes 
are based on the data presented in this publication [124] and represent the frequencies in the Stockholm 
mammography screening program. To define the four screening outcomes at each screening round, we 
assessed whether a diagnosis of breast cancer had been made or not before the end of the normal 
screening interval or before the next scheduled screening. 

As mentioned in the Introduction, a FP recall is one of the major concerns of mammography 
screening programs. This issue stems from the high rate of FP recalls [10, 11], the potential 
psychological burden they can impose on women, and the subsequent influence they may have 
on re-attendance rates to the program [13-15]. Addressing the occurrence of FP mammography 
recalls is a critical challenge and an essential focus of ongoing research and consideration. 
Furthermore, although various published studies have confirmed an increased risk of breast 
cancer [127, 138, 139], the long-term risk associated with a FP recall remains poorly 
understood. In this thesis, we present results which help better understand factors associated 
with it and long-term outcomes of it. 

2.4.3 Mammographic features 

2.4.3.1 Mammographic density 

Due to the distinct X-ray attenuation features of fat, epithelium, and stroma tissues, breasts 
appear uneven in brightness on mammograms [140]. Fat tissue appears dark and radiolucent 
on mammograms, while epithelial cells and stroma appear light [141]. Radiologically dense 
breasts are described as those with more epithelium and less fat; by contrast, breasts with less 
epithelium and more fat are referred to as non-dense breasts. Mammographic density is a highly 
heritable trait [142, 143] and can be influenced by many breast cancer risk factors, largely 
through effects on women’s sex hormone levels [105, 142, 144]. Additionally, mammographic 
density decreases with age [145-148]. 
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Several systems have been created to describe mammographic density either qualitatively or 
quantitatively. Among them, one of the most commonly used classifications is the Breast 
Imaging Reporting and Data System (BI-RADS), developed by the American College of 
Radiology based on radiological assessment [149]. The BI-RADS system categorizes density 
into four groups. Definitions and illustrations for each group can be found in Figure 2.2. 

With the aim of developing a completely automated density measurement method, STRATUS 
was developed in our group [150, 151]. Based on ImageJ software, STRATUS measures 
mammographic breast density as both absolute dense area and percent mammographic density 
[150]. The density data used in this thesis were measured by this method. 

 

Figure 2.5 Categories for mammographic density according to BI-RADS, 5th edition. Image 
from [152]. BI-RADS, Breast Imaging Reporting and Data System. 

Dense breasts not only lead to reduced sensitivity and specificity in mammography screening 
due to masking [105], but also, as mentioned in the previous section, are associated with an 
increased risk of breast cancer. In over 30 states in the U.S., women are informed about their 
breast density when they have a mammogram, and by September 2024, all women will receive 
mammography reports with density information [153]. In Europe, women do not typically 
receive breast density information. However, in 2022, the European Society of Breast Imaging 
recommended that women should be informed about their breast density to enable them to 
make choices [154].  

2.4.3.2 Microcalcifications and masses 

Breast calcification refers to the accumulation of calcium in breast tissue, appearing as either 
macro or micro features. Microcalcifications, which are deposits of calcium smaller than 1 mm, 
are associated with invasive breast cancer and/or ductal carcinoma in situ [149, 155, 156]. The 
potentially malignant microcalcifications can be identified by their morphology and 
distribution. Microcalcifications that appear as coarse heterogeneous, fine pleomorphic, or in 
segmental distribution or clusters tend to be suspicious and may be malignant [149, 157]. 
Microcalcifications serve as indicators for around 50% of non-palpable breast cancers in the 
context of mammography screening [158]. 
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Breast masses are another common feature on mammograms, and they could represent both 
benign and malignant changes in the breasts. Similar to microcalcifications, benign and 
malignant masses can often be distinguished by their shape and margin. Oval or round masses 
are usually benign, while those with irregular, indistinct, or spiculated margins suggest a 
malignant finding [149].  

Figure 2.6 Examples of calcification and masses on mammograms. Adapted from [159]. 

Computer-Aided Detection (CAD) software, an FDA-approved Class III device, can identify 
microcalcifications and masses with a high probability of being malignant, corresponding to 
suspicious morphologies in BI-RADS scores 3-5 [160, 161]. In this thesis, the data for 
microcalcifications and masses were obtained using this software.  

2.4.4 Other modalities in breast imaging 

Besides digital mammography, there are many other modalities used in breast imaging. Some 
are currently used as supplemental imaging options or for special occasions, while others have 
the potential to become screening modalities in the future. Table 2.2 provides an overview of 
breast imaging modalities, along with their pros and cons [162-164]. 
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Table 2.2 Summary of common breast imaging modalities. 

 

2.5 Tumor characteristics and prognosis of breast cancer  

Tumor characteristics and the prognosis of breast cancer were only studied in Study II and were 
not the main focus of this thesis. Since the aim of mammography screening is to reduce breast 
cancer mortality, a brief summary of these topics is provided here for completeness.  

Several tumor characteristics serve as prognosticators for breast cancer. Notable among these 
are tumor size, tumor grade, lymph node involvement, histological grade, estrogen receptor 
(ER) status, and human epidermal growth factor receptor 2 (HER2) [165-168]. The 
progesterone receptor (PR), a steroid hormone receptor, is commonly measured in labs using 
immunohistochemistry techniques, while the clinical value of PR status remains uncertain 
[169, 170]. Overexpression of HER2 in breast cancer is linked to cancer relapse and poor 
survival [167]. However, with advancements in HER-2 targeted therapy, the prognosis has 
notably improved [171]. Breast cancer that is negative for ER, PR, and HER2 status is termed 
triple-negative breast cancer (TNBC), known for its aggressive nature and poor prognosis [25, 
172].  

Four molecular subtypes, based on gene expression patterns, are recognized: Luminal A & B, 
HER2-enriched, and basal-like breast cancer. These molecular subtypes can also be identified 
using the immunohistochemical markers mentioned above [173]. Following a consensus from 
the St Gallen International Expert, these molecular subtypes have become important in guiding 
therapy for early-stage breast cancer in clinical settings [174, 175]. 

Women with breast cancer detected during screening (screen-detected breast cancer) generally 
exhibit less aggressive tumor characteristics compared to those with non-screen-detected 
cancer [176-182]. In other words, screen-detected breast cancers are more likely to be ER-
positive, have no lymph node involvement, be at earlier stages, have smaller tumor sizes, and 
be at a lower grade at diagnosis. As a result, patients with screen-detected cancers typically 
have a more favorable prognosis than interval and clinical breast cancer patients [177, 179, 
181, 183]. 
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3 Aims and research questions 

This thesis aims to better understand and promote cancer prevention by studying the following 
aspects. First, we focused on factors and outcomes associated with FP recalls — a major issue 
within the mammography screening program. Second, we studied associations between a 
woman's breast cancer risk factors and the cancer risk in her relatives. To address these topics, 
we conducted four studies, each designed to answer the following research questions: 

I. What factors are associated with FP recalls in mammography screening; can any of 

these factors be used to reduce FP recalls? (Study I) 

II. Is there a long-term breast cancer risk after a FP recall; does this risk vary by 

baseline factors, tumor characteristics, and length of time following the FP recall? 

(Study II) 

III. Can breast cancer risk factors and risk scores of women attending breast cancer 

screening be useful for estimating the breast cancer risk in their sisters? (Study III) 

IV. Can both rare and common genetic predispositions to breast cancer in women be 

useful for estimating the risk of breast cancer and other cancers among first-degree 

relatives? (Study IV) 
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4 Data source and linkages  

In this thesis, the study population included participants from the mammography screening 
program in Stockholm-Gotland region as well as from the KARMA and Libro-1 cohorts. For 
Studies III and IV, first-degree relatives of the participants from the KARMA and Libro-1 
cohorts were identified through a linkage to the Multi-generation Register and were also 
included as part of the study population. All these women and their relatives were linked to 
various Swedish nationwide registers at an individual level. Figure 4.1 provides an overview 
of the data sources and the study population used in this thesis. 

Figure 4.1 Overview of data sources and study population. Note: Data from questionnaires, 
mammograms, and blood DNA were available only for participants from the KARMA and Libro-1 
cohorts. KARMA, Karolinska Mammography Project for Risk Prediction of Breast Cancer; Libro-1, 
Linné-Bröst1; LISA, Longitudinal Integrated Database for Health Insurance and Labor Market Studies. 

4.1 Swedish national registers  

Sweden is one of the countries with high-quality, nationwide registers. In 1947, a personal 
number system was introduced throughout the country [184]. This system became the 
foundation for national registers and facilitated linkages between them.  

In this thesis, the following registers are used. 

4.1.1 Multi-generation Register 

All individuals born after 1932 and alive in 1961 (if they were born before 1961) are included 
in the Multi-generation Register. People’s personal numbers, as well as those of their parents, 
were recorded. Based on the parents' information, siblings and other relatives can be identified. 
The missing data for mothers is around 3%; whilst for fathers, it is about 5% [184].  
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4.1.2 Mammography Screening Register (Stockholm-Gotland region) 

In the Stockholm-Gotland region, the screening program was initiated in 1989. Currently, 
women in the region aged 40 to 74 are invited to attend the mammography screening every 24 
months. Detailed information about screening invitations, attendance, and screening outcomes 
(for those who participated) has been recorded for each woman at every screening round since 
1989. If women were recalled for further examinations, that information was also documented 
in detail [124, 136]. 

4.1.3 Swedish Cancer Register 

Since 1958, all new cancer diagnoses have been recorded in the Swedish Cancer Register. 
According to the guidelines set by the Swedish National Board of Health and Welfare, health 
care providers must report every new cancer case [185]. The Swedish Cancer Register includes 
the following information: age at diagnosis, date of diagnosis, invasiveness of the cancer, 
tumor, node, metastasis (TNM) stage, International Classification of Disease (ICD) code, and 
Systematized Nomenclature of Medicine (SNOMED) code. 

4.1.4 Breast Cancer Quality Register 

In 1976, the Stockholm region launched its regional breast cancer quality register, recording 
detailed information on tumor characteristics, treatment, and metastasis for each breast cancer 
case. The other five regional cancer centers in Sweden initiated similar registers around the 
same time [186]. In 2008, all six regional quality registers combined to initiate the national 
breast cancer quality register. The completeness of the national breast cancer quality register 
was high, with a coverage rate of 99.9% between 2010 and 2014. Missing values were less 
than 5% for most of the variables [187]. 

4.1.5 Other registers  

The Swedish Cause of Death Register was initiated in 1952; virtually all deaths have been 
included in this register since then. The underlying cause of death was also recorded for each 
individual [188]. The Total Population Register was launched in 1967, and migration data, 
among other information, were recorded for each individual [189]. The Longitudinal Integrated 
Database for Health Insurance and Labor Market Studies (LISA) register contains information 
on socioeconomic status, such as educational levels [190]. 

4.2 The KARMA cohort 

KARMA is a prospective mammography screening cohort study that includes 70,877 women. 
Between 2011 and 2013, women undergoing mammography screening or clinical 
mammography in Stockholm and Skåne were invited to participate. Upon the study entry, 
participants completed a detailed web-based questionnaire regarding breast cancer risk factors. 
The questions covered topics such as personal medical history, medication history, 
reproductive history, lifestyle factors, and family history of diseases related to breast cancer. 
Approximately 98% of participants also donated blood samples at the KARMA baseline. In 
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addition, mammograms of the participants were continuously collected each time the women 
attended the screening after joining the cohort [191]. 

4.3 The Libro-1 cohort 

Libro-1 is a case-only cohort that includes 5,715 women who were diagnosed with breast 
cancer in the Stockholm region from 2001 to 2008 and were still alive in 2009. Similar to 
participants in KARMA, those in Libro1 answered detailed questionnaires about their breast 
cancer risk factors. Blood samples were also collected from these participants [192, 193]. 
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5 Study designs and methods  

Figure 5.1 presents a brief overview of the study design, data sources, main measurements, and 
statistical analyses for the studies included in this thesis. 
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5.1  Study design and study population 

5.1.1 Matched case-control study  

A matched case-control design is commonly used in public health research to assess whether 
specific exposures are associated with certain outcomes. In this design, for each case, a fixed 
number of controls — people who do not have the outcome — are matched to the case based 
on certain criteria [194]. In Study I we selected controls using incidence density sampling 
[195], where (matched) controls for each case were randomly selected at the exact time point 
the outcome (for the case) occurred. Figure 5.2 illustrates density sampling for this design. 

Figure 5.2 Illustration of density sampling in a matched case-control design. In this figure, each 
case is matched to three controls. 

5.1.1.1 Study I 

In Study I, a total of 29,129 KARMA participants were eligible to be included. Detailed 
inclusion and exclusion criteria are presented in Figure 5.3. We identified 1,550 women who 
were recalled at a screening round between 2011 and 2015. For each woman recalled, we 
randomly selected and matched her with five individuals who were not recalled but were of the 
same age and screened in the same calendar year. Neither the cases nor the controls had 
previously been recalled in the mammography screening program. We examined the 
association between various breast cancer risk factors and a FP recall. We also explored the 
association between these same risk factors and a TP recall for comparison.  
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Figure 5.3 Illustration of the study population in Study I. Adapted from eFigure1 in Study I.  

Note: a Women received their first mammography recalls at or after their enrollment in KARMA. 

5.1.2 Population-based cohort study and matched cohort design 

A cohort study is another common design used in epidemiological research to examine the 
association between a certain exposure and an outcome. In this design, both exposed and 
unexposed individuals, who are at risk for the event of interest, are followed until that event 
occurs [196, 197]. Cohort studies can be conducted either prospectively or retrospectively. 
Cohort studies can provide time-to-event data to be analyzed, because exposure, occurrence of 
the outcome, study entry date, and an underlying time scale can all be clearly defined. We used 
a cohort design in Studies III and IV. 

The matched cohort design is an extension of the general cohort design. In a matched cohort 
design, at the start of the follow-up, each exposed individual is matched with a specific number 
of unexposed individuals. These matches are based on the same levels of certain confounders, 
such as age and gender [198]. Both the exposed and unexposed groups are then followed until 
the event of interest occurs. A matched cohort design was employed in Study II. 

5.1.2.1 Study II 

In Study II, we used a matched cohort design to examine the long-term risk of breast cancer 
incidence and mortality following a FP mammography recall. A total of 593,886 women who 
attended the mammography screening program in Stockholm were eligible to be included in 
this study. Detailed inclusion and exclusion criteria are presented in Figure 5.4. We identified 
45,213 women who received a FP recall between 1991 and 2017. For each woman with a FP 
recall, we randomly selected and matched her with ten individuals who had true-negative 
results. The matching was based on age and the calendar year of the mammography. None of 
the women in either group had been recalled in the mammography screening program prior to 
the matching. We followed these women until the event of interest (breast cancer or death), 
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emigration, death (if death was not the event of interest), or March 31, 2020, whichever came 
first. A total of 12,243 KARMA participants with data on mammographic density were also 
included for the density analyses. 

 

Figure 5.4 Illustration of the study population in Study II. Adapted from eFigure1 in Study II. 

5.1.2.2 Study III 

In Study III, using a cohort design, we investigated whether women's breast cancer risk factors 
are associated with the risk of breast cancer in their full-sibling sisters. 53,051 KARMA women 
who were born in Sweden, aged 40-74 years, and had no cancer diagnosis before entering 
KARMA were eligible for analysis. Through linkage to the Multi-generation Register, we 
identified 37,998 full-sibling sisters of KARMA women. After exclusions, as described in 
Figure 5.5, 32,198 sisters were included in the study population. Sisters of the KARMA 
participants were followed from the enrollment date of the KARMA women until their own 
breast cancer diagnosis, emigration, death, or October 31, 2019, whichever occurred first. 
KARMA women were followed in the same way and were analyzed separately for comparison. 
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Figure 5.5 Illustration of the study population in Study III. Adapted from Supplementary Figure 
1 in Study III. Note: a Women who were Swedish-born, had completed questionnaires, and were aged 
40-74 years at enrollment. b For mammographic feature analyses, 3,965 KARMA women who had a 
breast surgery were excluded. For genetic analyses, only 17,835 women with genotype data were 
included. 

5.1.2.3 Study IV 

In Study IV, we used a cohort design to examine the association between women's rare and 
common genetic risk factors for breast cancer and risk of breast cancer and other cancers among 
their first-degree relatives. We included 28,362 women with genotype data and 13,226 women 
with sequencing data from the KARMA and Libro-1 cohorts as index women. Through linkage 
to the Multi-generation Register, we identified first-degree relatives of index women, which 
included parents, siblings, and children. Figure 5.6 presents the detailed exclusion criteria. 
Relatives were followed from January 1, 1958, or from age 20 (whichever came later), until 
the first diagnosis of cancer, emigration, death, reaching age 80, or December 31, 2017, 
whichever occurred first. 
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Figure 5.6 Illustration of the study population in Study IV. Adapted from Figure 1 in Study IV.  

5.2 Main measurements 

5.2.1 Screening outcomes  

Using data from the Stockholm Mammography Screening Register, we defined screening 
outcomes for each woman, for every screening round she attended. This information was used 
in Studies I and II. Among women who were recalled at the screening, those diagnosed with 
breast cancer by the end of the normal screening interval or by the next screening were referred 
to as having a TP result or screen-detected breast cancer. Those without a breast cancer 
diagnosis had a FP result. Among women who were not recalled, those without a breast cancer 
diagnosis before the next screening or within a normal screening interval had a true-negative 
result. Those diagnosed with breast cancer before the next screening round had a false-negative 
result, also known as interval cancer. In Figure 2.4 of this thesis (on Page 10), the definition 
and frequency of each screening outcome are presented. 

5.2.2 Breast cancer and other cancers 

Information on the date of breast cancer diagnosis was retrieved from the Swedish Cancer 
Register and the Breast Cancer Quality Register. This information was used in all the studies 
in this thesis. Tumor characteristics of breast cancer were defined based on data from the Breast 
Cancer Quality Register and were used in Study II. Dates of other cancer diagnoses were 
retrieved from the Swedish Cancer Register and used in Studies III and IV. 

5.2.3 Breast cancer risk factors and risk prediction scores 

• Common risk factors: Reproductive breast cancer risk factors, use of oral 
contraceptives and HRT, lifestyle risk factors, BMI, education level, and family history 
of breast cancer were obtained from the questionnaire data from KARMA participants. 
This information was used in Studies I and III. In Study II, the education level and 



 

 27 

family history of women were sourced from LISA and the Swedish Cancer Register (a 
breast cancer diagnosis from the women’s mothers and/or sisters), respectively. 

• Mammographic risk factors: Mammographic density was measured by the Stratus 
method [199] and was used in Studies I, II, and III. Microcalcifications and masses 
were measured by the iCAD software [160, 161] and were used in Studies I and III. 

• Breast cancer PRS: This score was the summed effect of 313 SNPs reported in this 
study [68]. The score was weighted by multiplying the per-allele log-odds ratios, which 
represent the association between each SNP and breast cancer risk, by the number of 
risk alleles an individual has for each SNP. Breast cancer PRS was used in Studies I, 
III, and IV.  

• PTV in breast cancer risk genes: Information was retrieved from sequencing data using 
a gene panel of 31 genes associated with breast cancer risk [200]. In Study IV, we 
focused on PTVs in the following nine genes: ATM, BRCA1, BRCA2, CHEK2, PALB2, 
BARD1, RAD51C, RAD51D, and TP53. This focus was due to strong evidence of breast 
cancer risk associated with PTVs in these genes, as found in a large study involving 
110,000 women [59]. However, we did not study PTVs in TP53 because no carriers 
were found in our study population. 

• BBD: Information on the history of BBD (yes or no) was obtained from the 
questionnaire data of KARMA participants and used in Study I. Through a linkage to 
the Sympathy pathology record system, we retrieved information on breast biopsies 
and the date of these records from 1979 to 2015. BBD subtypes were categorized based 
on European guidelines for breast pathology [201, 202]. We used information on 
subtypes of BBD and the time of diagnosis from the Sympathy system in Study III.  

• Prediction scores: Breast cancer risk scores from the Tyrer-Cuzick, BOADICEA, and 
KARMA models were calculated and used in Studies I and III [19, 117, 123]. 

5.3 Main statistical methods 

5.3.1 Conditional logistic regression 

Logistic regression models are used to examine the association between categorical or 
continuous variables and a binary outcome/dependent variable. The regression coefficients of 
a logistic regression model for an (e.g. disease) outcome provide estimates of log odds ratios 
(OR) assessing the associations between exposures and the outcome [203]. Conditional logistic 
regression is a special case of logistic regression used for matched case-control studies. In 
conditional logistic regression, comparisons are performed within each matching stratum – the 
conditional probability of the observed outcomes of the individuals, given the matching ratio, 
is evaluated within each stratum, based on assuming a common OR across strata. Matching 
variables are controlled for in the analyses. In Study I, we estimated the OR with a 95% 
confidence interval (CI) for a FP or TP based on various breast cancer risk factors using this 
model. 
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5.3.2  Cox regression 

The Cox proportional hazards regression model is a model that is commonly used for analyzing 
time-to-event data [204]. It is a semi-parametric model since no assumptions are made 
regarding the baseline hazard. However, the model does assume proportional hazards over 
time, i.e., a constant hazard ratio (HR). In Study III, we measured the HR, along with a 95% 
CI, for breast cancer among women's sisters based on the women’s breast cancer risk factors, 
using this model. In Study IV, we calculated the HR and 95% CI for cancer in women's first-
degree relatives based on the women's carriership of PTV in studied genes and breast cancer 
PRS. 

The stratified Cox model is a special type of the Cox model that can be used in matched-cohort 
studies. Matching identifiers are included in the stratified Cox regression analyses, allowing 
analyses to be conducted within each matching stratum [198]. A single estimate of HR is 
obtained after pooling together all HRs from each stratum. In Study II, we used stratified Cox 
regression analyses to estimate the HR and 95% CI for overall and subtypes of breast cancer, 
as well as all-cause and breast cancer-specific mortality [205]. 

5.3.3 Flexible parametric survival method 

The flexible parametric survival model is another approach that is used to analyze time-to-
event data. Unlike the Cox model, the flexible parametric survival model specifically models 
the baseline hazard – but by doing so is more flexible in modelling the role of covariates. The 
flexible parametric survival model uses cubic spline (or other spline) functions and can easily 
present the HR over time [205, 206]. In Study II, we utilized a flexible parametric model to 
examine the hazard ratio of breast cancer after a FP recall on both the same and contralateral 
side as the FP, in comparison to those who were not recalled.  
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6 Main results  

6.1 Factors associated with a false-positive recall 

Using the screening records from women at the time of KARMA enrollment, we first aimed to 
identify factors associated with mammography recalls. Among various factors—such as age, 
reproductive, hormonal, lifestyle, mammographic, and genetic risk factors, as well as breast 
cancer risk prediction scores—we found eight risk factors that were positively associated with 
a mammography recall. These factors were: a family history of breast cancer, history of BBD, 
mammographic density, the presence of masses and microcalcifications, breast cancer PRS, 
and risk scores from both the Tyrer-Cuzick and KARMA models.  

In contrast, age at mammography was the only risk factor for breast cancer that was negatively 
associated with mammography recalls. We found that the distribution of FP and TP recalls 
showed opposite trends by age. Specifically, FP recalls were more frequent among younger 
women (aged 40-49), whereas TP recalls were more common among older women (aged 60-
74) (Figure 6.1). The ratio of FP recalls to TP recalls was close to 10 among younger women, 
which was significantly higher than the ratio of 2 observed among older women. 

Figure 6.1 Recall rates of false-positive and true-positive recalls by age at mammography 
screening. Adapted from Figure 1 in Study I. 

Since age was strongly associated with mammography recalls, we used a matched case-control 
design (with age as the matching variable) to examine the association between these eight risk 
factors or risk scores and FP/TP recalls (Figures 6.2 and 6.3). We found that a history of BBD 
and mammographic dense areas were associated with both FP and TP results to a similar extent 
when compared to their corresponding matched controls (Figure 6.2).  
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Figure 6.2 Association between breast cancer risk factors and a FP and TP recall. Figures were 
created based on estimates from Table 2 and 3 in Study I. Note: Dense areas, masses and 
microcalcifications of the recalled breast were used in the analyses. FP, false-positve; TP; true-positive. 

 

Figure 6.3 Association between breast cancer risk prediction scores and a FP and TP recall. 
Figures were created based on estimates from Table 2 and 3 in Study I. Note: For polygenic risk scores 
analyses, we defined false/true positive recalls as women who had received false/true positive recalls 
by 2015. We determined polygenic risk score quartile cutoffs based on the PRS distribution in women 
who had never been recalled by 2015. FP, false-positve; KARMA, Karolinska Mammography Project 
for Risk Prediction of Breast Cancer; TP; true-positive. 

Other risk factors and scores, including family history of breast cancer, microcalcifications,  
masses, PRS, Tyrer-Cuzick, and KARMA risk scores, were more strongly associated with a 
TP result than with a FP result (Figures 6.2 and 6.3).  
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None of the eight studied factors showed a stronger association with a FP result than with a TP 
result. When restricting the analysis to women who were recalled, and studying the association 
of these factors with an FP result while using a TP result as a control, we observed consistent 
results (data shown in the manuscript of Study I).  

6.2 Risk of breast cancer after a false-positive recall 

We observed that women with a FP result were at an increased risk of breast cancer for up to 
20 years after the FP, compared to women without a FP (Figure 6.4). The association remained 
unchanged after adjusting for age and the calendar year of the mammograms, with a HR of 
1.61 (95% CI: 1.54-1.68). 

Figure 6.4 Cumulative breast cancer incidence among women with (plum line) versus without 
(green line) a FP result at the index mammogram. Adapted from Figure 1 in Study II. 

We further found that the increased risk of breast cancer associated with a FP was more 
pronounced among women aged 60-74 (HR: 2.02; 95% CI: 1.80-2.26) than among women 
aged 40-49 (HR: 1.38; 95% CI: 1.23-1.56). Additionally, we observed that the elevated risk 
was more significant among women with lower mammographic density compared to those 
with higher mammographic density. The risk did not vary by calendar year, education level, or 
family history of breast cancer (Table 6.1). 

We hypothesized that the risk of breast cancer following a FP result might vary based on the 
follow-up time and the side on which the cancer was detected. To investigate this, we used a 
flexible parametric model (Figure 6.5). We found that the risk of breast cancer being detected 
on the same side as the previous recall was highest at the beginning of the follow-up and 
decreased sharply in the initial years, gradually leveling off to a HR of around 1.5. In contrast, 
no increased risk was observed for breast cancer detected on the contralateral side of the FP 
recall at the start of the follow-up, and the risk increased and remained stable at an HR of 
around 1.4 for up to 20 years of follow-up (Figure 6.5). 
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Table 6.1 Hazard ratio for breast cancer after a FP result, by baseline characteristics. Adapted 
from Table 1 in Study II.  

 

Figure 6.5 Hazard ratio for breast cancer following a FP result, categorized by side and by 
follow-up time. Estimated using flexible parametric models, with adjustments made for age and 
calendar year of mammogram, positive family history and education level. Adapted from Figure 3 in 
Study II.  
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6.3 Association between risk factors of women and breast cancer risk in their 

sisters 

A total of 53,051 KARMA women and 32,198 of their sisters (identified from the Multi-
generation Register, including 26,846 non-KARMA participants) were followed for their first 
incident of breast cancer from the time the KARMA women were enrolled in the cohort. The 
mean age of KARMA participants and their sisters at the time of KARMA enrollment was 54.4 
(SD: 9.4) and 54.5 (SD: 10.6) years, respectively. We found that breast cancer PRS, BBD, and 
mammographic density were associated with an increased HR of breast cancer for both the 
index women and their sisters (Table 6.2). By contrast, several reproductive risk factors, as 
well as masses and microcalcifications of KARMA women, were not associated with an 
increased risk of breast cancer among their sisters (data shown in the manuscript of Study III).  

Table 6.2 Association between KARMA women’s breast cancer risk factors and breast cancer 
risk for KARMA women and their sisters. Adapted from Table 2&3 in Study III. 

 

Sisters of women with high or moderately increased breast cancer risk, as defined by the 
KARMA, BOADICEA, and Tyrer-Cuzick risk models, were also observed to be associated 
with an increased risk of breast cancer (Table 6.3). In clinical settings, a 5-year risk of breast 
cancer can be used to determine whether women need preventive risk-lowing medications. 
Therefore, we also examined the 5-year cumulative incidence of breast cancer among sisters 
of KARMA women, categorized by the breast cancer risk scores of the KARMA women 
(Figure 6.6). Consistently, we found that the 5-year cumulative incidence rates of breast cancer 
were statistically significantly higher among sisters of women defined to be at high risk by the 
KARMA, BOADICEA, and Tyrer-Cuzick risk models. Specifically, these rates were 2.1%, 
2.8%, and 2.5%, respectively, compared to 1.5%, 1.4%, and 1.4% among sisters of women 
classified as being at average risk by those same models.  
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Table 6.3 Association between KARMA women’s breast cancer risk prediction scores and 
breast cancer risk for KARMA women and their sisters. Adapted from Table 4 in Study III. 

 

 

Figure 6.6 Cumulative incidence rate of breast cancer among full-sibling sisters of KARMA 
women, by breast cancer risk scores of KARMA women. Adapted from Figure 1 in Study 3. 
BOADICEA, Breast and Ovarian Analysis of Disease Incidence and Carrier Estimation Algorithm; 
KARMA, Karolinska Mammography Project for Risk Prediction of Breast Cancer. 

6.4 Association between genetic predisposition of women and cancer risk in 

their first-degree relatives 

Among a total of 13,226 index women with sequencing data, 482 women were carriers of PTV 
in any of the studied risk genes: ATM, BRCA1, BRCA2, CHEK2, PALB2, BARD1, RAD51C 
and RAD51D. Among first-degree relatives of these PTV carriers, 11.7% had breast cancer 
(among female relatives only) and 22.2% had cancer at any site. Among relatives of 28,362 
index women with genotyping data, the percentages of both breast cancer and cancer of any 
type were higher for those whose index women in the top quartile of breast cancer PRS, 
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compared to those whose index women in the bottom quartile (7.7% vs 4.0% for breast cancer 
and 18.9% vs 17.0% for any cancer). 

Table 6.4 Hazard ratio (95% CI) of cancer among relatives of index women by genetic 
predisposition in index women. Adapted from Table 2 & 3 in Study IV.  

 

PTV carriership of any of the studied genes, of BRCA1/2, and of other non-BRCA risk genes, 
as well as higher PRS of index women was associated with breast cancer among female 
relatives (Table 6.4). Furthermore, we observed a stronger association between PTV carriership 
in index women and early-onset breast cancer among their relatives (diagnosed before 50 years 
old) compared to late-onset cases (diagnosed at 50 years old or older). In contrast, we found no 
significant difference in the associations between PRS quartiles and early- versus late-onset 
breast cancer among relatives (results detailed in the manuscript of Study IV). We also found 
increased risk of non-breast HBOC-related cancers (including ovarian, prostate, pancreatic 
cancer and melanoma) associated with index women’s PTV carriership of any of the studied 
genes (HR: 1.30, 95% CI: 1.06-1.59), as well as a higher PRS (HR per SD:  1.04, 95% CI: 1.01-
1.07) (Table 6.4). 

Furthermore, we examined the lifetime risk of breast cancer and non-breast HBOC-related 
cancer among relatives, categorizing them by the PTV status in any of the studied genes or the 
PRS quartile of their index women (Figure 6.7). Relatives of women with PTV in any risk gene 
had statistically higher lifetime risk of breast cancer or non-breast HBOC cancers than relatives 
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of non-carriers. We observed differences in the lifetime risk of breast cancer among relatives 
based on the PRS quartiles of their index women, but not in the lifetime risk of non-breast 
HBOC-related cancers (Figure 6.7).  

Figure 6.7 Adjusted cumulative incidence of breast and non-breast HBOC-related cancers 
among relatives of index women by genetic predisposition of index women. Adapted from Figure 
2 in Study IV.  The cumulative incidence was estimated using standardized Cox regression models, with 
adjustments for the breast cancer case-control status of their index women at the KARMA enrollment. 
PTV carriers: carrying mutations in any of the eight studied genes. Non-carriers: women without PTVs 
in any of the eight studied genes. PRS quartiles were defined among index women who were free of 
breast cancer at the KARMA enrollment. HBOC, Hereditary Breast and Ovarian Cancer syndrome; 
PRS, polygenic risk score; PTV, protein-truncating variant. 
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7 Discussion  

7.1 Interpretation of main findings  

7.1.1 Factors associated with a false-positive recall (Study I) 

In Study I, we identified several breast cancer risk factors and risk scores that were associated 
with a FP recall. However, these factors were equally or more strongly associated with a TP 
recall. Therefore, they are not suitable for development as targeted interventions to minimize 
the rate of FP mammography recalls, since such interventions could simultaneously decrease 
the rate of TPs. 

For women aged 40-49 years, the ratio of FP per TP (9.78) was much higher than the ratio for 
women aged 60-74 years (at 1.78). Our findings suggest that younger women may generally 
experience a more unfavorable harm-benefit ratio when attending mammography screenings. 
Tailored breast cancer risk-based screening may help balance the harm-benefit ratio in this age 
group in the future.  

Mammographic features are the key factors for radiologists in making accurate decisions about 
whether or not to recall a woman for further examination. High mammographic density has 
been consistently shown to be a risk factor for breast cancer and women with high density are 
more likely to have a FP recall [105, 207]. Our results confirmed previous studies and showed 
that density was associated with both FP and TP recalls at a similar magnitude. Suspicious 
masses and microcalcifications, identified by iCAD, an FDA-approved software, were 
designed to assist radiologists in detecting breast cancer on mammograms [160]. Consistent 
with previous literature [208, 209], although these features were associated with a FP result, 
we found that they were more strongly associated with a TP result. Furthermore, the KARMA 
and Tyrer-Cuzick breast cancer risk models were associated with FP recalls but were more 
likely to be associated with TP recalls. The association between high risk scores and a FP recall 
can probably be explained by the fact that these models directly or indirectly incorporate 
mammographic features [117, 122, 210]. 

7.1.2 Risk of breast cancer after a FP (Study II) 

It has consistently been shown that women with a FP result are at an increased risk of breast 
cancer in subsequent years [15, 126, 139, 211]. However, Study II was the first, to our 
knowledge, to not only confirm a long-term risk of breast cancer but also to examine how it 
varied based on age, mammographic density, and time since follow-up.  

We were the first to report that the risk of breast cancer associated with a FP recall was 
statistically significantly higher among women with lower mammographic density compared 
to those with higher density. This may be because women with low and high density are 
recalled for different reasons. We hypothesized that women with low density were more likely 
to be recalled due to suspicious findings, while women with high density were more likely to 
be recalled because of the masking effect [207]. Since mammographic density is negatively 



 

38 

associated with age [105], our results were consistent in showing that the increased risk of 
breast cancer was more pronounced among older than younger women.  

Our study was the first to observe that the increased risk of breast cancer on the ipsilateral side 
was highest in the initial years of follow-up and decreased over time. Meanwhile, we noted a 
similar elevated risk of breast cancer on both the ipsilateral and contralateral sides among 
women with a FP result. The short-term elevated risk on the ipsilateral side could possibly be 
attributed to tumors being missed during subsequent examinations at the recall [138, 212] or to 
BBD [127, 138]. Our findings suggest that a short-term surveillance program might benefit 
these women. Additionally, since these women have an elevated long-term risk of breast 
cancer, they may benefit more from an extended screening program compared to women 
without a FP recall. 

Furthermore, we observed that women with a FP result were also at an increased risk of breast 
cancer-specific mortality. However, the prognosis for breast cancer among women with or 
without a FP recall did not differ (HR: 1.05; 95% CI: 0.89-1.25). Thus, the increased breast 
cancer mortality is likely driven by the higher incidence of breast cancer among women with a 
FP recall, rather than by differences in tumor characteristics. Consistently, we found that a FP 
recall was not associated with any specific tumor characteristics, except for larger tumor size. 

7.1.3 Association between risk factors of women and breast cancer risk in their 

sisters (Study III) 

Our findings suggest that mammographic density, a history of BBD, and BC-PRS, as well as 
breast cancer risk prediction scores, can be useful in estimating breast cancer risk for the sisters 
of women being assessed. In contrast, other factors of women such as reproductive and 
hormonal aspects, lifestyle factors, as well as masses and microcalcifications, were not 
associated with increased risk for their sisters. The association between a woman's specific risk 
factor and her sister's risk of breast cancer could probably be attributed to two things: the 
intraclass correlation of the risk factor between sisters and the strength of that factor's 
association with breast cancer. For instance, the stronger a breast cancer risk factor is and the 
higher its correlation between sisters, the more pronounced its association with the sister's risk 
of developing the disease (results detailed in the manuscript of Study III). 

The positive association between an index woman's mammographic density and the breast 
cancer risk in her sisters suggests that informing women with high mammographic density at 
screening could potentially benefit not only the women themselves but also their sisters. This 
is important because examination centers in the U.S. already inform all women about their 
mammographic density [153, 213]. Health care agencies in European countries are considering 
including information about women's breast density in future mammography reports [154]. 

Primary care doctors in the U.S. commonly assess women's breast cancer risk using risk 
models, such as the Tyrer-Cuzick and Gail models, to recommend screening strategies and 
possible reimbursement options [214]. In this study, we demonstrated effective stratification of 
breast cancer incidence among the sisters of the index women, based on risk scores from three 



 

 39 

different models. Consequently, when a woman is classified as high-risk according to these 
models during a clinic visit, sharing this information with her sisters could enhance their disease 
awareness and motivate them to undergo screening as well. However, ethical considerations 
regarding sharing risk assessments with women who have not requested them must be carefully 
addressed. 

7.1.4 Association between genetic predisposition of women and cancer risk in first-

degree relatives (Study IV) 

In Study IV, we found that the presence of PTVs in any of the 8 studied risk genes, which are 
strong risk factors for breast cancer [59], or in BRCA1/2 alone, was associated with an increased 
risk of breast cancer among the female relatives of the index women. We observed that this 
increased risk was significantly higher for early-onset breast cancer compared to late-onset. 
This observation aligns with previous findings that the risk of early-onset breast cancer 
associated with PTV in these rare genes is statistically stronger than the risk for late-onset breast 
cancer in the women themselves [215].  

Consistent with the results from Study III of this thesis, we observed that the breast cancer PRS 
of the women was associated with an elevated breast cancer risk in their first-degree female 
relatives. This increased risk was largely consistent when we restricted our analysis to only 
mothers or to sisters and offspring of the index women. Additionally, when we further assessed 
whether the breast cancer risk differed between early- and late-onset cancer, we did not observe 
a statistical difference. 

We also observed that relatives of women with higher breast cancer PRS had a slightly 
increased risk of non-breast HBOC-related cancers. Incorporating SNPs associated with other 
cancers, or considering breast cancer PRS in combination with other factors, may provide more 
informative results.  

We did not find sufficient evidence to suggest that PTV carriership of non-BRCA risk genes 
was associated with non-breast HBOC-related cancer (HR: 1.16; 95%: 0.90-1.49). Upon 
further investigation of cancer aggregation within families due to PTV carriership of individual 
genes, we discovered that PALB2 was associated with multiple types of cancer within families 
(results shown in the supplements in Study IV). Our findings indicated that these genes may 
potentially play a role in the cancer development of multiple cancers and might be useful in 
genetic counseling. 

7.2 Methodological consideration  

7.2.1 Selection bias  

Selection bias, a systematic error, can significantly affect the validity of observational studies 
by causing the study population to not accurately mirror the source population. Consequently, 
the conclusions derived from the study population may not be applicable to the source 
population. In Study II, the main study population was drawn from the screening register, 
encompassing all screening records for every woman of suitable age in the Stockholm-Gotland 
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region. Every woman with the exposure (a FP recall) was included. Thus, the study is not prone 
to selection bias. 

A common form of selection bias is the "self-selection bias". Although invitations to participate 
in a cohort study are typically sent to everyone in a specific area, those who choose to 
participate are often highly educated and may have a family history of the disease under 
investigation. This bias is evident in the KARMA cohort. Invitations to attend the KARMA 
study were sent to 210,233 women who underwent mammography screening or clinical 
mammography between 2011 and 2013; of these, 70,877 (34%) consented to participate. 
KARMA participants were more likely to participate in screening and have higher educational 
levels and a family history of breast cancer compared to the general female population in 
Sweden. In Studies I and III, the study populations included KARMA participants (in both 
studies) and their relatives (in Study III).  Despite this, the specific research questions in these 
studies focused on the screening population, which tends to have higher education and a family 
history of breast cancer compared to non-participants. Therefore, the findings from these two 
studies remain relevant to those who attend mammography screenings. 

In Study IV, one of the main focuses was the association between rare genetic mutations and 
the risk of cancer among women's relatives. Previous studies on these rare mutations often 
included breast cancer cases with a family history to improve the power to observe an 
association, likely introducing selection bias. We avoided such selection in our study. We 
included breast cancer cases (irrespective of a positive family history) and controls from both 
Libro-1 and KARMA, along with all first-degree relatives identified in the Multi-generation 
Register. However, it should be noted the Libro-1 cohort is composed of breast cancer patients 
diagnosed between 2001 and 2008 who were alive in 2009, and the KARMA cohort includes 
survivors diagnosed before enrollment. To address this, we presented the cancer risk among 
relatives based on the genetic predisposition of index women, for both breast cancer patients 
and individuals who were breast-cancer-free at the time of enrollment in KARMA. We 
observed similar results based on breast cancer case-control status.  

7.2.2 Misclassification bias and recall bias 

In this thesis, the four studies primarily used data sourced from various Swedish national 
registers to define exposures, covariates, and outcomes. Specifically, screening outcomes were 
sourced from the Stockholm mammography screening register, cancer diagnoses and tumor 
characteristics from the Swedish Cancer Register and Breast Cancer Quality Register, and data 
on death and migration from the Cause of Death and Migration registers. As mentioned in the 
previous section, since Swedish registers are generally considered to be of high quality, the 
likelihood of having misclassified variables from these sources is minimal. Additionally, 
variables from these registers were recorded independently of the case-control or exposed-
unexposed status. Therefore, even if misclassification does occur, it would likely be non-
differential, not significantly altering our conclusions. 
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Mammographic features, including mammographic density, masses, and microcalcifications, 
were automatically measured by Stratus or iCAD software for each mammogram. Both 
common and rare genetic predispositions were derived from genotype and sequencing data. 
Like variables defined by register data, any misclassification of these variables would likely be 
random and non-differential. 

Studies I and III incorporated data on common breast cancer risk factors, such as hormonal and 
reproductive factors, which were based on questionnaire data. Consequently, potential 
misclassification and recall bias should be considered. However, two key points substantially 
mitigate concerns about these biases. First, women diagnosed with breast cancer before 
enrolling in KARMA were excluded from both studies. Second, women in the KARMA cohort 
were not aware of our study objectives—namely, to examine the association between those 
factors and a FP result, as well as the risk of breast cancer among their sisters. Therefore, the 
introduction of recall or misclassification biases was unlikely, either due to breast cancer case-
control status at baseline or due to participants’ awareness of the research aims. 

7.2.3 Generalizability  

Generalizability refers to the extent to which the results found in studies can be applied to other 
populations. Regarding findings on FP results from Studies I and II, cautious interpretation is 
advised. This is because the ages targeted by screening programs, screening intervals, and age 
distribution of screening populations may vary among countries [124, 131]. Therefore, our 
findings should be validated within specific populations before implementation. However, 
several common factors were found to be associated with FPs based on data from different 
countries [207, 216]. Additionally, an elevated risk of breast cancer following an FP is 
consistently observed in multiple countries [139, 217]. Hence, it is likely that our findings can 
be generalized to other developed countries. For findings from Study III, the magnitude of the 
association between a woman's breast cancer risk factors and the breast cancer risk in her sisters 
may vary depending on age distribution and prevalence of risk factors. For Study IV, variables 
such as the incidence rate of cancers and the ancestry of women in other populations might 
yield variations in the magnitudes of associations. 

7.3 Ethical consideration  

Ethics are important not only in interventional research but also in observational research. In 
this thesis, all the constituent studies were observational and used data from national registers 
or population-based cohorts. Thus, from an ethical perspective, there are two main concerns: 
obtaining ethical approval and maintaining the privacy and integrity of the data used. 

Data related to disease history, genetic mutations, and family histories of specific diseases are 
all considered sensitive. To manage this sensitive data, we obtained ethical approval for the 
included studies before collecting data and performing analyses. The Regional Ethical Review 
Board in Stockholm approved all projects which are included in this thesis. The ethical 
approvals related to this thesis are as follows: Dnr 2019-04369; Dnr 2010/958-31/1 with 
extension Dnr 2013/2090-32, and Dnr 2009/254-31/4, with extensions 2011/2010-32 and 
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2012/465-32. For the register-based study, the requirement for informed consent from the 
individuals included in the register was waived after obtaining approval from the ethical review 
board. All participants from the KARMA and Libro-1 cohorts have provided informed consent, 
and they can withdraw from the study at any time if they want. 

All analyses included in the thesis were performed under a data protection framework to avoid 
disclosing personal data. No individuals were identified during data management or analysis, 
and no researchers not involved in the projects had access to the data. 

Besides the two ethical concerns commonly associated with large epidemiological studies, 
findings from Studies III and IV highlight a potential ethical issue that should be addressed in 
the era of precision medicine. Our results suggest that a woman's risk factors may be useful for 
predicting cancer risk in her relatives. This information might encourage relatives to attend 
breast cancer screenings or prompt relatives to seek genetic counseling. However, sharing this 
information with sisters or other relatives may violate their personal integrity. As the 
implementation of personalized risk-based screening programs is foreseeable, this poses an 
ethical challenge that healthcare agencies and governments need to discuss in detail and address 
carefully. 
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8 Conclusions  

There are three main conclusions emanating from the studies included in the thesis: 

• We identified several breast cancer risk factors and risk scores that were associated with 
FP mammography recalls—a major concern in mammography screening. However, 
none of the studied breast cancer risk factors or risk scores could be used as potential 
interventions to minimize FP recalls, as such interventions could also risk missing true 
tumors. Although we did not identify factors that could reduce FP recall rates, we 
observed that the increased breast cancer risk following an FP recall could persist for 
over 20 years, was higher in older women, and highest in the first few years of follow-
up. These findings can be used to develop personalized surveillance programs for 
women with a FP recall (Studies I & II). 

 
• Based on a large cohort from a screening population, we found that mammographic 

density, breast cancer PRS, and a history of BBD, as well as breast cancer risk 
prediction scores from the KARMA, BOADICEA, and Tyrer-Cuzick models, were 
also associated with breast cancer risk in the sisters of these women. Our findings 
suggest that risk assessments performed for women during screening can be useful for 
estimating their sisters' risk of breast cancer. While this may increase disease awareness 
among sisters at higher risk, thorough discussions are required, particularly concerning 
potential ethical issues (Study III). 

 
• We found that relatives of women with higher breast cancer PRS or PTVs in any of the 

eight examined risk genes were at increased risk for breast and other HBOC-related 
cancers at a population level. Additionally, our results highlight the potential of non-
BRCA1/2 genetic predispositions, such as PALB2, to provide valuable insights into the 
aggregation of cancer in families (Study IV). 
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9 Points of perspective  

With four studies in the thesis conducted with the aim of contributing to improved cancer 
prevention, here are some perspectives on the related topics and what should be addressed to 
improve cancer prevention in the near future.   

9.1 What should we do about FP mammography recalls in screening? 

We did not find breast cancer risk factors as potential targets to be used to reduce FP 
mammography recalls. However, this does not mean the adverse issue of FP mammography 
recalls in screening cannot be addressed. First, FP recall rates might be reduced through using 
AI-based screening programs [218, 219]. Results from a clinical trial that included AI 
assistance for the radiologist—instead of having two radiologists read mammograms 
independently—showed improved breast cancer detection rates and fewer FP recalls [219]. 
Second, since FP recalls are often more frequent in women with dense breasts, other modalities 
with high specificity, such as digital breast tomosynthesis and contrast-enhanced spectral 
mammography, may benefit these women [162]. 

While current mammography screening program may continue to be used across countries for 
many years to come, our findings highlight potential surveillance strategies that could benefit 
women with a FP mammography recall. Future studies could test whether short-term, intensive 
imaging examinations can help detect cancers at an earlier stage, and whether educational 
programs could encourage women to maintain long-term awareness of the disease. Given the 
long-term breast cancer risk for women with a FP recall and the generally longer life 
expectancy for women in countries with screening programs, extending the screening program 
beyond the current age limit (74 years in Sweden) might be beneficial for these women.  

9.2 An era of risk-based screening? 

Regarding breast cancer screening, one of the trending research topics is risk-based screening. 
Current breast cancer screening methods are age-based and adopt a one-size-fits-all approach, 
meaning all women of specific ages are invited for screening at same intervals. For example, 
in Stockholm, all women aged 40-74 are invited to screening every 24 months. A major concern 
with this age-based approach is that the risk of breast cancer varies among women of the same 
age, given that genetic and environmental factors differ from person to person. Thus, many 
researchers believe that risk-based screening, guided by breast cancer prediction scores, could 
lead to better screening outcomes. Women with moderate or high risk could be screened more 
frequently than those at lower risk. Findings from our Study III can be applied in this scenario: 
when women receive information about their own risk, the sisters of those women at high risk 
may be motivated to also participate in screening and become more aware of the disease.  

9.3 Other future perspectives 

While screening programs and breast cancer prognosis are generally good, future studies are 
needed to further improve cancer prevention and so to improve the cancer prognosis.  
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• For women with moderately or highly increased breast cancer risk, risk-lowering 
medication could be offered, in addition to more frequent screening [220]. However, 
although risk-lowering medication is recommended, it is not widely used in the U.S. 
due to the side effects associated with tamoxifen [221]. Our group is conducting clinical 
trials to test whether a small dose of tamoxifen is effective in reducing breast cancer 
risk while also substantially limiting side effects. So far, using reduced mammographic 
density as a proxy, the results have shown that a lower dose of tamoxifen (2.5 mg) 
reduces mammographic density as effectively as the standard dose (20 mg), while 
severe side effects were reduced by 50% [222].  
 

• Women with screen-detected breast cancer are considered the beneficiaries of the 
screening program. Compared to women with non-screen-detected cancer, these 
women tend to have smaller tumor sizes, lower grades, and better tumor characteristics. 
However, not all women participate each time they are invited to screening. We 
hypothesize that among women with screen-detected cancer, those who previously 
participated in the screening are likely to have better tumor characteristics. We plan to 
conduct analyses to study whether tumor characteristics or prognosis differ based on 
screening history. 
 

• The COVID-19 pandemic has significantly impacted breast cancer screening programs. 
All cities in Sweden have reported substantially reduced screening attendance. This 
situation can be considered a 'natural experiment.' It would be interesting to examine 
the tumor characteristics of screen-detected cancers diagnosed during or shortly after 
the pandemic, as well as the prognosis for these women. Comparing these data with the 
tumor characteristics and prognosis of patients diagnosed just before the pandemic may 
provide the most direct and current evidence regarding the extent to which 
mammography screening contributes to early breast cancer detection and reduced 
mortality. 
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