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Breast cancer epidemiology

Worldwide

According to GLOBOCAN 2020, breast cancer has now replaced lung cancer as the most 
frequently diagnosed cancer in females, with an estimated 2.3 million new cases in 2020 
(11.7% of all cancers) [1]. In terms of mortality, breast cancer is the leading cause of cancer 
deaths in women worldwide, with approximately 685,000 deaths in 2020 [1]. The incidence 
of female breast cancer differs greatly across regions (Figure 1). The age-standardised 
incidence rate (ASIR) exceeds 80 cases per 100,000 in developed regions, especially 
Australia/New Zealand, Western Europe, and Northern America, whereas in less developed 
regions the ASIR is less than 40 cases per 100,000 in Eastern and Middle Africa and South-
Central Asia. The age-standardised mortality rates (ASMR) are less diverse (Figure 1). 
Relatively lower ASMRs (<12 deaths per 100,000) are found in Eastern Asia, Central 
America, Australia and Australia/New Zealand, whereas relatively higher ASMRs (around 
or above 20 deaths per 100,000) are observed in regions such as Melanesia, Western Africa, 
and Micronesia/Polynesia (Figure 1). 

Figure 1 Ten leading cancer types expected to be diagnosed, and the estimated deaths, in Americans in 2021. 
Region-specific incidence and mortality age-standardised rates for female breast cancer in 2020. Rates are shown 
in descending order of the world (W) age-standardised incidence rate, and the highest national age-standardised 
rates for incidence and mortality are superimposed. Source: GLOBOCAN 2020 [1].
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The Netherlands

The Netherlands, as one of the high-developed countries located in Western Europe, has 
the second-highest breast cancer incidence around the world [1]. Breast cancer is the most 
common cancer amongst Dutch women, and approximately one in seven women will 
develop breast cancer during their lifetime [2]. It is estimated that the age-standardised 
(world) incidence rate in 2020 was 100.9 per 100,000 person-years, with approximately 
16,400 cases diagnosed each year [1]. In addition, the incidence still remains to increase 
slightly after the nation breast cancer screening program had fully implemented and entered 
a steady state. This increase can partly be attributed to an ageing population, as older 
people have a high chance of developing (breast) cancers [2]. Other risk factors for an 
increasing incidence include: insufficient physical activity, increasing number of obesity 
and overweight women, and later age at first birth [2]. Despite a high incidence rate, the 
age-standardised mortality rate for breast cancer in the Netherlands decreases from 27 per 
100,000 person-years in 1998 to 15.3 per 100,000 person-years in 2020 [1]. This reduction 
can be ascribed to the well-organised screening program, timely diagnosis and treatments, 
and high breast cancer awareness in the Netherlands [2].

Figure 2 Age-standardised incidence and mortality rates in the Netherlands, top 10 cancers. Source: GLOBOCAN 
2020 [1].

China

When we look at China, a very different picture regarding the incidence of breast cancer 
can be seen. Breast cancer has now surpassed liver cancer as the fourth most common 
cancer with an estimated 416,371 cases in 2020, accounting for 18% of all newly diagnosed 
breast cancers worldwide [1]. The age-standardised incidence rate of breast cancer is 39.1 
per 100,000 person-years, which is significantly lower than that in the Netherlands and 
other western countries such as the USA [1]. However, the disease burden of breast cancer 
in China is increasing. From 2000 to 2006 the incidence increased sharply by an estimated 
5% annually, and slowed down from 2006 to 2015 to an annual increase rate of 2% [3]. 
This significant increase is likely due to a westernised lifestyle and increased awareness of 
breast cancer accompanied by improvements in diagnostics and screening [4]. Regarding 
mortality, the age-standardised mortality rate is 10.0 per 100,000 person-years [1]. The MIR 
of breast cancer in China (0.26) is significantly higher than that in the Netherlands (0.15), 
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suggesting a relatively poorer survival in China [1]. Breast cancer is often diagnosed at 
a late stage (partially) due to the lack of a nationwide screening program, low awareness 
of breast cancer among Chinese women, and delays in diagnosis and treatment. [5]. In 
addition, it has also been shown that the access to treatment for breast cancer patients is 
inapproriate [6]. 

Figure 3 Age-standardised incidence and mortality rates in China, top 10 cancers. Source: GLOBOCAN 2020 [1].

Breast cancer screening

Current breast cancer screening practices

The aim of breast cancer screening is to detect cancers at early stages when symptoms 
are not present yet, so that more effective treatments can be applied promptly, and further 
to reduce the burden of treatment and improve survival [6]. Since 1988, when the first 
national breast cancer screening program was established in the UK, many countries have 
established their breast cancer screening programs such as the Netherlands, the USA, and 
Australia [7-10]. Screening programs could be either organised (Figure 4, such as the one 
in the Netherlands) or unorganised (opportunistic, such as the one in the USA) [10]. The 
differences between organised and opportunistic programs fall in several aspects: first, the 
opportunistic programs provide screening tests on request or the test is incorporated in 
routine health checks, whereas the organised ones invite the eligible population to come 
for screening regularly; second, unlike organised screening programs, the performance of 
opportunistic screening may not be checked or monitored due to shortage of management 
and data recording systems, and poor linkage with population-based dataset regarding 
incidence or mortality [6,11]. On the contrary, many countries still do not have a national 
screening program or a national screening guideline, especially in less developed or 
developing countries. In the following, a brief introduction is given on the national 
screening program in the Netherlands as an example of a well-organised screening program 
worldwide, and on the current breast cancer screening status in China, where whether to 
implement a national screening program is still an ongoing debate. 
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Figure 4 Countries that offer organised nationwide, regional, or pilot screening programs [6]. 

The Netherlands

The Dutch population-based breast cancer screening program started its implementation 
in 1990 with inviting women aged 50–69 years to screening, after which women aged 
70–74 years were also included since 1999 [7]. The current screening strategy for the 
general population in the Netherlands is biennial mammography from age 50 to 75 years 
old [12]. The breast cancer screening program is a well-organised, fully implemented, 
and steady-state program that meets all relevant quality requirements in terms of a high 
participation rate, a low referral rate, and a high positive predictive value [13]. Every year 
around 1.3 million women are invited to screening, and approximately 1.0 million actually 
attend screening, resulting in an attendance rate of 77% [14]. The participation rate in 
the Netherlands outpaces the desirable level of 75% as recommended by the European 
Guidelines for quality assurance [15]. The referral rate and false positive rate are 2.3% and 
1.6%, respectively, which also meet the desirable rate outlined in the European guidelines 
and are lower than those in other countries such as Canada (9.2% and 8.4%, respectively) 
[14,16].

China

Currently, there is no nationwide breast cancer screening program implemented for Chinese 
women. In the last decades, China has established several large screening trials including 
the urban Chinese National Breast Cancer Screening Program (CNBCSP-urban), and the 
CNBCSP-rural and Multi-modality Independent Screening Trial (MIST) [17,18]. Unlike 
the mammography-based screening programs in developed countries, different screening 
modalities such as clinical breast exam (CBE) or ultrasound were used as the primary 
screening methods in China given that mammographic units are often unavailable and 
more expensive. In the CNBCSP (Figure 5), women aged 35-64 were screened by clinical 
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breast examination and ultrasound as the primary screening modalities, followed by 
mammography if abnormalities were found, while in the MIST, a combination of these 
screening modalities was used to screen asymptomatic women aged 45-65. 

Figure 5 The flowchart of Chinese National Breast Cancer Screening Program (CNBCSP), one of breast cancer 
screening trials in China [17]. 

In 2019, the Chinese government introduced mammography-based screening strategies 
in the national breast cancer screening guidelines, in which women aged 45 to 70 were 
recommended for mammography screening every two years [19]. However, there are 
several barriers to implement a population-based mammography screening program for 
breast cancer in China, including unknown long-term effectiveness, wide diversities in 
incidence, survival and medical resources across the country, and insufficient convincing 
cost-effectiveness data [20-22].  
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Benefit and harms of mammography screening

Mammography is a breast imaging method that utilizes low dose x-ray imaging to find 
abnormalities in breasts. It is a non-invasive test that aids radiologists to detect cancer at 
early stages and guide treatment. As the only proven method that could potentially reduce 
breast cancer mortality, mammography has been implemented as the standard screening 
method in almost all screening programs [6]. By regular mammography screening, cancers 
can be detected at earlier stages when the disease itself is not that aggressive, and more 
effective treatments can be used [23]. As a result, lower burden of treatment and more 
favourable survival could be achieved and breast cancer survivors could have a better 
quality of life [23]. 

Data from western countries showed that regular mammography screening can reduce 
breast cancer mortality by 23% in women invited for screening and by 40% in women 
who participated in screening [23]. However, there are heated discussions on whether the 
mortality reduction should be attributed to the use of screening or mainly to improved 
treatments [24]. To disentangle the effects of screening from those of improved treatment, 
the reduction of advanced breast cancer incidence has been proposed as a surrogate indicator 
for mortality reduction given the fact that the tumour stage at diagnosis is independent of 
treatment except for neoadjuvant therapy [25-26]. Studies from the Netherlands showed a 
significantly lower incidence of advanced breast cancer in women who attended screening 
compared with women who did not, and the latter group had a 2 to 5-times higher risk of 
being detected with cancers at advanced stages [27]. On the other hand, other studies have 
shown either unclear or contradictory results [28,29]. For example, Larsen et al. reported 
that the rate of stage III cancers increased after the implementation of a screening program, 
while the rate of stage IV cancers remained to decrease over time [29]. 

The harms of mammography screening have also been well discussed over the last few 
decades. One of the main harms of screening is overdiagnosis. Overdiagnosis can be defined 
as a screen detected (histologically confirmed) cancer that would otherwise not have been 
diagnosed in a person's lifetime without screening [30]. The estimated overdiagnosis rate 
ranges from 0% to 54%, and this wide variability is mainly due to differences in definitions, 
assumptions and methods [31]. Overdiagnosis not only causes harm by overtreatment, 
but also entail psychological and behavioural effects of women being labelled as cancer 
patients; consequences of subsequent testing (including invasive tests), and unnecessary 
follow-up [30]. 

In addition, harms such as false positives and false negatives can also be induced by the 
imperfect diagnostic accuracy of mammography. A literature review showed that for women 
in Europe undergoing ten biennial mammography screening tests from 50 to 69 years old, 
the cumulative risk of having a false positive breast cancer diagnosis is 20% [32]. Similar 
to overdiagnosis, the harms related to false positives also include higher costs, mental stress 
and unnecessary invasive tests such as biopsy procedures [33]. Regarding false negatives, 
cancers can be missed by screening and may result in an interval cancer. Cancers detected 
during screening intervals are usually more aggressive than those detected by screening, 
and therefore a worse survival is observed in women diagnosed with interval cancers [34]. 
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Because these women were falsely assured by previous false-negative tests, it is also likely 
that delay in seeking medical care plays a role [35]. 

Other harms of breast cancer screening include discomfort due to breast compression 
during mammography tests, and radiation exposure [35-36]. A study showed that women 
who suffered pain are more likely to not attend subsequent screenings than those who did 
not (Risk ratio [95% confidence interval]: 1.34 [0.94-1.91]), which suggests that reducing 
the pain of a mammography procedure could improve the re-attendance rate and therefore 
could contribute to better screening outcomes [35]. As the effect of ionizing radiation on 
the risk of developing cancers cannot be observed directly, modelling studies were used for 
risk estimation. Several modelling studies suggested that the excess risk due to the radiation 
dose used in mammography examinations is minor among women aged 50 and over. 
Given a cohort of 100,000 women who were screened biennially from age 50-75 years old, 
approximately 15 to 27 radiation-induced tumours were estimated using different models 
[36,37]. In addition, the harm of radiation is influenced by screening frequency and breast 
size; women who were screened more frequently or who have larger breasts tend to be more 
vulnerable as a result of increased radiation dose [37].

Improving breast cancer screening services 

Currently, there are ongoing discussions on whether screening does more harm than good 
and on the optimization of the screening strategy [24]. Therefore, a proper evaluation of 
breast cancer practices and an exploration of the potential role of new methods is crucial to 
provide more evidence-based screening services. The implementation and evaluation of a 
population-based screening program requires a tremendous investment in finance, human 
resources and time. Therefore, study designs (like meta-analyses and modelling studies), 
which require a limited investment, are of vital use as reliable evidence can be produced 
by identifying meaningful research directions (meta-analysis) or predicting long-term cost-
effectiveness (model studies). In this thesis, several studies were performed using published 
data and the aforementioned study designs to address issues related to the improvement of 
breast cancer screening services.

Experience learned from current organised screening programs

To attain the benefit of mortality reduction, a high-quality screening service should 
be provided. Since the 1980s, researchers have emphasized the critical criteria of 
implementing a screening system and suggested a minimum set of measures for the quality 
assurance of screening effectiveness, including proper participation rates, and screening 
characteristics such as an acceptable level of screening sensitivity, a lower advanced 
cancers rate, and a lower breast cancer mortality [38]. Despite the vigorous debate on 
whether screening benefits outweigh its harms, most researchers would probably agree that 
an enhanced knowledge of mammographic sensitivity and an increased participation rate 
are of significance for improving and evaluating current breast cancer screening practices. 
Therefore, in the first part of this thesis, published studies and aggregated screening data 
were used to address these two factors.
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• Mammographic test sensitivity

In screening settings, test sensitivity is a pragmatic measure of how much the screening 
test itself is able to identify disease in the detectable preclinical phase [39]. Test sensitivity 
is different from program sensitivity that is reported from observational studies, where 
program sensitivity is estimated by the proportion of cancers that are detected within the 
screening program out of all breast cancers diagnosed in screened women in a certain time 
period. A high sensitivity of the screening test itself is one of the essences for a successful 
screening program. 

Mammographic test sensitivity is often used as an important input parameter of cost-
effectiveness modelling studies. To provide reliable cost-effectiveness results, an adequate 
estimate of mammography test sensitivity is necessary. It is difficult to measure the test 
sensitivity directly, as there are no direct methods to quantify all cancers in the detectable 
preclinical phase, making the number of false negatives uncertain [40]. Modelling with 
assumptions on tumour growth allows for an approximation of the mammographic test 
sensitivity. Because tumour size, together with breast density, are crucial factors that 
influence mammographic test sensitivity [6], it is of great value to estimate mammographic 
test sensitivity as a continuous function of tumour size and breast density.

• Participation rate

Participation rate is a second vital factor that influences screening effectiveness. The 
rationale is that mortality reduction in the target population is directly related to the 
proportion of eligible women who attend screening [38]. A meta-analysis including nine 
randomised controlled trials on mammography screening demonstrated that an increase of 
1% in the attendance rate contributed to a statistically significant reduction of approximately 
3% in advanced stage and death from breast cancer [40]. Although organised breast cancer 
screening programs have been introduced for decades, the participation rates of many are 
only around 50-60% [41]. Therefore, identification of the determinants of non-participation 
in breast cancer screening programs is of importance for the improvement of breast cancer 
screening practices as tailored strategies to increasing participation can be made. 

Expanding the use of mammography in the Chinese population

Compared with western women, Chinese women have a different disease profile. First, the 
mean onset age of breast cancer is around 40-50 years, which is almost ten years younger 
than that in western women [42]. Second, Chinese women tend to have smaller and more 
dense breasts compared to Western women regardless of age [43]. These characteristics 
seem to make mammography a less effective screening method in the Chinese population 
as the diagnostic accuracy of mammography correlates negatively with breast density. 
Meanwhile, because younger women tend to have a higher breast density, and have 
an increased risk for radiation-induced tumours than older women, its application is 
therefore especially limited in younger group [44]. In addition, costs and accessibility 
of mammography are important issues for many Asian countries with relatively limited 
medical resources [44].

Due to those fundamental differences between China and the Western countries, ultrasound 
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is seen as a potential alternative to mammography. However, more evidence is needed 
on whether the diagnostic performance of ultrasound screening in Chinese women is 
sufficiently equivalent to mammography screening. In addition, if ultrasound did not have 
an equivalent diagnostic accuracy as mammography, whether mammography could be used 
cost-effectively in Chinese women. 

Exploring the feasibility of new technologies in women with dense breasts

Breast density is one of the important risk factors of breast cancer in the general population. 
A meta-analysis showed that the risk of developing breast cancers in women with >75% 
dense tissue is four to six times higher than in women with little or no dense tissue [45]. 
Despite an elevated breast cancer risk in women with dense breasts, the effectiveness of 
mammography screening in this population seems still far from satisfactory [46]. As the 
imaging features of dense and tumour tissue are very similar in mammograms, and as 
mammography is a 2D technique which causes overlapping structures, tumours might be 
concealed in places of high-density tissue. As a result, lower mammographic sensitivity and 
a higher interval-cancer rate are found in women with high density, which might lead to a 
worse screening performance [46,47]. 

Increasing knowledge of the shortcomings of mammography screening in women with 
dense breasts has been a key motivator for seeking specific imaging techniques for this 
group. Previous studies have elucidated that imaging modalities such as ultrasound, digital 
breast tomosynthesis (DBT) and magnetic resonance imaging (MRI) could improve early 
detection of breast cancers in women with dense breasts [48-50]. Breast ultrasound has been 
widely used as a supplementary modality of mammography in women with dense breasts. 
Although supplemental ultrasound could improve sensitivity compared to mammography 
alone, the cost-effectiveness of supplemental ultrasound is doubtful, implying that the 
utilization of breast ultrasound is not favoured in women with dense breasts [51,52]. On 
the contrary, DBT and MRI have better sensitivity than ultrasound, and studies have shown 
their potential in improving screening outcomes in terms of cancer detection rate and recall 
rate in women with dense breasts [53,54]. As both modalities are more expensive than 
mammography, studies evaluating the long-term benefits and cost-effectiveness for women 
with dense breasts are warranted.

Aim and outline of this thesis

The work presented in this thesis aimed to provide evidence on the improvement of breast 
cancer screening practices. This thesis can be divided into three parts:

Part 1: What can we learn from current breast cancer screening programs?

In this part, two studies (Chapter 2 and 3) were performed to investigate two main 
factors that influence the effectiveness of breast cancer screening programs. Chapter 2 
was focused on mammographic test sensitivity as it is one of the key parameters for the 
evaluation of screening effectiveness. Since previous methods might overestimate the size-
specific sensitivity, the purpose of this study was to develop a novel method to improve 
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the estimates of mammography test sensitivity as a function of tumour size. With a more 
reliable estimation of the mammographic test sensitivity, the cost-effectiveness of screening 
programs can be better evaluated on a long-term basis. In Chapter 3, a meta-analysis 
was conducted to identifying determinants related to non-participations in organised 
breast cancer screening programs (BCSP). Although there have been some meta-analyses 
published on the determinants, this study has its uniqueness. First, only studies that focused 
on organised BCSP were included due to fundamental differences between organised and 
opportunistic screening programs; second, only studies that accessing participation data 
from registered data of BCSP were included, as self-reported participation rates are likely to 
be over-reported.

Part 2: What is the efficiency of mammography screening in Asia? 

To answer this question, two studies were performed. First, in Chapter 4, the diagnostic 
accuracy of two potential screening methods, ultrasound and mammography, was compared 
by meta-analysing the evidence from studies focused on breast cancer screening in Asian 
women. The primary outcome of this study was sensitivity and specificity, and bivariate 
random models were used to generate pooled estimates due to expected high heterogeneity. 
Next, based on evidence provided by Chapter 4 and the newly released screening guideline 
in China, a simulation model was used in Chapter 5 to evaluate the effectiveness and cost-
effectiveness of implementing biennial mammography screening in the urban Chinese 
population. The previously validated model, Simulation Model on radiation Risk and breast 
cancer Screening (SiMRiSc), was applied with parameters updated based on available data 
of the Chinese population.

Part 3: Moving to new modalities: Are we ready?

This part consists of two modelling studies aiming to assess the cost-effectiveness of 
two advanced breast imaging technologies in western women, especially in women with 
mammographically dense breasts. The SiMRiSc model was used in both studies after 
adjustment on input values based on the purpose of each study. In Chapter 6, the cost-
effectiveness of DBT screening in the general population and in women with dense breasts 
only was evaluated. As DBT is a relatively new technique with limited knowledge in 
screening settings, this study aimed to explore at which sensitivity or in which population 
DBT would become cost-effective compared to mammography, given a constant estimate 
of specificity. Chapter 7 focuses on the potential use of MRI in women with dense breasts. 
With the development of an abbreviated protocol (AP), the acquisition time of MRI reduced 
significantly, making MRI feasible to be used in population screening. The goal of this 
study was to investigate the cost-effectiveness of AP-MRI in women with dense breasts 
(heterogeneously or extremely dense) in a biennial screening program.

Lastly, in Chapter 8, the main findings of this thesis are summarised, and further details and 
implications related to those findings were discussed. In addition, future perspectives on the 
improvement of breast cancer screening practices were also discussed. 
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