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Female breast cancer has now replaced lung cancer as the most frequently diagnosed cancer 
worldwide, resulting in a substantial disease burden on society [1]. In the Netherlands where 
population-based screening programs have been introduced for decades, proper evaluation 
of current breast cancer screening programs and the exploration of the possibility of new 
screening strategies and modalities are essential to improve the screening effectiveness in 
the general population. However, for developing countries such as China, more studies 
are required on whether and how to implement a national screening program. This thesis 
aimed to provide evidence on the improvement of breast cancer screening practices in both 
the Netherlands and China from three perspectives: (1) Experience learned from current 
organised mammography screening programs; (2) Expanding the use of mammography in 
Asian countries, particularly for the Chinese population; (3) Exploring the feasibility of new 
technologies in women with dense breasts.

Summary of key findings

Although regular mammography screening has shown its potential in reducing mortality, 
the percentages of mortality reduction varied substantially from 0% to 50% among different 
studies [2]. The wide range of mortality reduction can be attributed to many factors, such 
as population characteristics, participation rate, mammographic sensitivity, different 
screening strategies (screening interval and eligible age), and different follow-up time [2]. 
To deliver better screening practices and to achieve a more favourable mortality reduction, 
enhancing the knowledge of mammographic sensitivity and improving participation rate are 
important. Therefore, in Part 1, we first developed a novel method to improve the estimates 
of mammography sensitivity as a continuous function of tumour size by using aggregated 
data reported from the Dutch breast cancer screening program (Chapter 2). Aggregated 
data which included 22,915 screen-detected and 10,670 interval breast cancers were used to 
develop the sensitivity model. The model showed that mammographic sensitivity increased 
from 0 to 85% for tumour sizes from 2 to 20 mm. Compared with other models which 
estimated a 100% sensitivity for tumours from 15-20 mm and over [3,4], the sensitivity of 
85% for a tumour diameter of 20 mm estimated by our model seems more reliable. Such 
a size-specific model as presented in our study will provide more detailed information 
on mammographic sensitivity than only reporting an overall sensitivity or sensitivities 
categorized by breast density groups. In addition, our sensitivity model can be incorporated 
in cost-effectiveness models for breast cancer screening programs, which could provide 
relevant evidence on the optimization of screening strategies and thus assist screening 
program organisers in policy-making. Chapter 3 assessed the determinants related to non-
participation in organised, population-based screening programs using a meta-analysis. Only 
studies that obtained non-participation data from registration systems of screening programs 
were included as self-reported data are likely to overestimate levels of participation. The 
findings indicated that lower income, younger age, lower education, living at a larger 
distance from an assigned screening unit, being unmarried, being an immigrant, and 
having a male family physician are associated with a higher non-participation in organised, 
population-based breast cancer screening programs. Compared to other meta-analyses 
including self-reported data, or studies focused on an opportunistic screening setting, 
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similar determinants were found. However, in our study, the associations were less strong. 
Possible explanations include recall bias of self-reported data, and fundamental differences 
between organized opportunistic screening programs in terms of implementation strategies 
and population characteristics. In addition, substantial heterogeneity was found among the 
studies. Of note, when we stratified the analysis by sending a reminder or not, we found 
that in the strata where no reminder was sent, women living in urban areas were less likely 
to participate screening than women in rural areas, where if a reminder was sent, women 
who live in urban area were more likely to participate. The findings implied that for women 
who live in urban areas, sending a reminder is beneficial for the improvement of screening 
participation, however, it remains questionable whether such a positive effect is present in 
women who live in rural areas.

As Asian women tend to have more dense breasts and a younger onset age of breast cancer, 
and as the diagnostic accuracy of mammography is lower in dense breasts and in women 
at a younger age [5-7], in Part 2, we explored whether mammography could be effective 
and cost-effective when used as a standard screening modality in the Chinese population. 
In Chapter 4, a meta-analysis was performed to compare the diagnostic accuracy of 
mammography and ultrasound, where the latter was considered as a possible alternative 
for breast cancer screening in Asian women because of its superiority in dense breasts, 
accessibility, and low costs. The results showed that even in Asian countries where women 
tend to have smaller and more dense breasts, mammography still has a higher sensitivity 
and a comparable specificity compared to ultrasound, and therefore can be considered as 
a more favourable screening method. However, whether mammography screening should 
be recommended in Asian countries needs careful considerations, as evidence on long-
term outcomes and the cost-effectiveness of mammography screening in Asian settings is 
required. Given the long follow-up period and large population required to evaluate the 
cost-effectiveness of breast cancer screening, we therefore used, in Chapter 5, a validated 
simulation model (SiMRiSc) to evaluate the long-term benefits and cost-effectiveness of 
mammography screening in urban China. The SiMRiSc model was adapted to the Chinese 
population, by updating parameters based on available data for the Chinese population. 
The base scenario was biennial mammography screening for women aged 45–70 years 
in accordance with the 2019 Chinese breast cancer screening guideline [8], and seven 
alternative scenarios were then simulated by varying the screening intervals and participant 
ages. At a threshold of triple the GDP, the simulation elucidated that biennial mammography 
screening for women aged from 45-70 years was cost-effective in urban China, producing 
an average cost-effectiveness ratio of 17,309 USD/LYG when compared with no screening 
and an incremental cost-effectiveness ratio (ICER) of 25,261 USD/LYG when compared 
with the previous efficient scenario. The budget impact analysis showed that during ten 
years, screening would incur a substantial cost. Given China's large geographical and 
socioeconomic disparities, further research is needed to develop tailored screening strategies 
and therefore improve screening practices among Chinese women.

Due to the imperfect sensitivity and specificity of mammography, several advanced 
techniques have been proposed to improve screening effectiveness especially in women with 
dense breasts. The association between high breast density and mammography screening 
effectiveness are two-folds; higher breast density might elevate the risk of developing breast 
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cancer [9], meanwhile, on mammograms, tumours might be masked by dense tissues, which 
may lead to misdiagnosis [10]. Therefore, we explored the potential use of two advanced 
screening techniques (DBT and AP-MRI) in a population-based screening program in 
Part 3. Specifically, Chapter 6 assessed the cost-effectiveness of DBT in the general 
population and in women with dense breasts only. DBT is a relatively new technique with 
limited data reporting on its sensitivity in a population-based screening setting. To find the 
threshold sensitivity from which DBT could be cost-effective we performed this analysis 
by simulating a range of DBT sensitivities. Based on our analysis, DBT is more likely 
to be a cost-effective alternative to DM in women with dense breasts, and the threshold 
sensitivity was 90% and 80% at €96 and €80 per DBT screen. However, whether DBT 
could be a cost-effective alternative for women with non-dense breasts, highly depends 
on the costs of DBT per screen. In Chapter 7, we investigated the cost-effectiveness of an 
abbreviated MRI protocol in women with dense breasts (heterogeneously/extremely dense) 
in a population-based biennial screening program. Again, the micro-simulation model 
SiMRiSc was applied, with parameters updated for women with dense breasts. In addition, 
in this analysis, instead of assuming that breast density remained constant, we modelled 
breast density dynamically to reflect the fact that breast density reduces with the increased 
age. The findings suggest that population-based biennial breast cancer screening with AP-
MRI from age 50-65 for women with extremely dense breasts might be a cost-effective 
alternative to mammography with an ICER of € 16,038/LYG. However, it is not a cost-
effective option for women with heterogeneously dense breasts. Although the results of our 
studies supported stratified screening strategies for women with dense or only extremely 
dense breasts, we need to emphasize that a differentiated screening strategy for this group 
needs future research on how to apply or incorporate in current screening programs (Figure 
1). 

Figure 1 Practical issues related to the implementation of a stratified screening programme [11]
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Methodological considerations 

With the development of internet and publication policies such as open-access, more and 
more data become accessible, which allows researchers to produce new knowledge by 
using published resources. These changes have boomed the use of meta-analyses and model 
studies especially in informing debates in the field which requires substantial investments in 
finance, human resources, and time like the implementation and evaluation of a population-
based screening program. The results presented in this thesis are based on meta-analysis 
and model studies, using already available data. Although these study designs could provide 
reliable evidence on the topics of interest, some limitations need to be acknowledged.

Meta-analysis: the need of individual participant data

Although meta-analyses have been widely used and are considered the best source of 
evidence, heterogeneity, i.e., variations in study outcomes, may exist between studies 
[12]. The heterogeneity could be constrained by applying restricted inclusion criteria [13], 
however, sometimes a high heterogeneity is expected in certain types of meta-analyses 
such as a meta-analysis focusing on diagnostic accuracy (as shown in Chapter 4). If there 
are plenty of studies included, subgroup analyses or stratified analyses are useful tools to 
explore the source of heterogeneity. In Chapter 3, we performed several stratified analyses, 
and found that stratification factors such as income level, number of comorbidities could 
partly explain the heterogeneity across the studies, but the heterogeneity in almost all 
stratified groups remained above a substantial level (I2 > 50%). When possible, a meta-
analysis based on individual data can be used to explore the source of heterogeneity in a 
more informative way. The use of individual patient data can improve the reliability of 
pooled estimations as it enables to define exposures and outcomes consistently and analyse 
them similarly. Although it is challenging to get access to individual-based data [13,14], 
systematic efforts have been devoted to eliminate barriers of data sharing. For example, the 
FAIR principle (Findable, Accessible, Interoperable and Reusable research data) has been 
advocated, which requires researchers to share their data and make data reusable to others 
[15,16]. With continuing efforts, meta-analyses using individual participant data would 
become easier to perform and therefore could provide more reliable results in the near 
future [16]. 

Modelling studies: Strengths and limitations

In this thesis, we used the SiMRiSc micro-simulation model to simulate the long-term 
effectiveness and cost-effectiveness of breast cancer screening in both the Netherlands and 
China after adapting the input parameters for the study purposes. Compared with the classic 
Markov cohort model, the micro-simulation model has several strengths. First, a micro-
simulation model can provide detailed information on individual trajectories of disease 
progression and the impact of screening rather than just simulate the mean response of a 
homogeneous cohort [17,18]. In addition, the stochastic variations in disease progression on 
an individual’s level can also be added in a micro-simulation model, which provides more 
reliable estimates on the outcomes [18]. 
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Several improvements on the SiMRiSc model were made in this thesis. First, the input 
parameters related to mammographic sensitivity were renewed. In the previous version 
of the SiMRiSc model, mammographic sensitivity was only based on BI-RADS density 
categories. However, as tumour size is a crucial factor of mammographic sensitivity, in 
the new version (which was applied in Chapter 5 and 7), mammographic sensitivity was 
modelled as a continuous function of tumour size and breast density. The validation using 
data from the National evaluation of breast cancer screening in the Netherlands (LETB) 
showed that the new version gave a better fit, especially for the tumour size distribution 
of the screen-detected cancers (Figure 2) [19,20]. In addition, with the cooperation of 
computer scientists, the code of the SiMRiSc model is open-access (available from https://
fbb-git.gitlab.io/simrisc), which further improves model transparency. 

Figure 2 Tumour size distribution of screen-detected cancers [19,20]

Although the SiMRiSc model used in this thesis had been previously validated and the 
validation showed a good fitness with observed data, there are some limitations that can 
be improved in future studies. First of all, due to the scarce data on the natural history of 
ductal carcinoma in situ (DCIS), we did not simulate it although DCIS holds a share of 
approximately 20% of all mammography screen-detected tumours in the Netherlands [19]. 
The impact of excluding DCIS on the screening cost-effectiveness is two-fold. On the 
one hand, the early detection of DCIS might improve screening cost-effectiveness; on the 
other hand, some DCIS tumours, especially when categorized as low-grade, might lead to 
overdiagnosis and related harms (such as unnecessary diagnostic procedure, psychological 
stress and overtreatment) [21]. Currently ongoing low-risk DCIS trials such as the LORD 
trial and the LORIS have proposed an intensive monitoring strategy rather than a direct 
treatment of DCIS [22,23]. Such trials can provide a better understanding of the natural 
history of DCIS, which could be used as a reliable source for incorporation of DCIS in the 
SiMRiSc model. This will enable the SiMRiSc model to quantify the impact of DCIS on the 
cost-effectiveness of screening and overdiagnosis. 

Second, the tumour progression in our model was reflected by tumour size (T stage) only, 
the node stage (N) and metastasis stage (M) were not included. Although our model showed 
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a good fit with the observed data, we anticipate that integrating NM stages in our model 
has the potential to improve the model performance and to produce more convincing and 
detailed outputs especially for overdiagnosis estimation. Specifically, the distributions of 
NM stage per T stage can be added to better reflect the TNM stage distribution in real-
world. By doing so, stage-specific costs rather than tumour size-specific costs can be used 
because the latter ones are not always available from literature.  Moreover, adding NM-stage 
to current T stage-specific breast cancer survival is expected to improve the quantification 
of overdiagnosis as node-negative tumours are more likely to be overdiagnosed [24,25].  

Third, whether the simulation model could achieve reliable outputs highly depends on the 
input parameters used. To ensure a good quality of input parameters, we used data from the 
national registry (for incidence and mortality), meta-analysed data by performing a literature 
search (for test diagnostic accuracy and breast density distributions), or data from large 
population-based data sources. However, it is not always the case that ‘optimal’ input values 
can be found, and this challenge is especially true in Chapter 5, where the cost-effectiveness 
of mammography screening in the Chinese population was evaluated. Specifically, due 
to the limited availability of data in the Chinese population, parameters related to tumour 
growth were obtained from other Asian populations or western populations. Even though 
we do not anticipate that these data will alter the major conclusion for the urban Chinese 
population, future studies related to tumour growth are warranted as it not only enriches 
the data source for modelling studies but also advances the understanding of tumour 
progression in the Chinese population. 

Implications and future perspectives

Implementing breast cancer screening in China

Although mammography screening has shown its benefits regarding mortality reduction 
in developed counties, mammography units are typically unavailable in China because of 
limited medical resources. As a result, other screening approaches such as clinical breast 
exam (CBE) or ultrasound have been used as primary tools in Chinese screening trials. 
Although the long-term benefit (i.e., mortality reduction) for these two approaches has not 
been confirmed yet [26,27], certain harms have been well-documented such as more false-
positives, more unnecessary biopsies, and increased psychological strain [28]. Therefore, to 
decrease the substantial disease burden of breast cancer in China, the Chinese government 
introduced in 2019 a mammography-based biennial screening strategy for women aged 
45–70 years [8]. Although biennial mammography screening has shown to be cost-effective 
in Western women, its cost-effectiveness in the Chinese population remains unknown due 
to (but not limited to) population characteristics such as a lower incidence of breast cancer 
and a younger mean age of onset [1,5]. The cost-effectiveness analysis presented in this 
thesis focused on an urban population only as we anticipated that a mammography-based 
screening strategy will first be implemented in urban areas, where medial resources are less 
limited and mammography units are more available. In addition, the breast cancer incidence 
is much lower in rural areas than in urban areas (22 vs 33 per 100,000 women) [29], 
which suggests that for rural areas screening might not be a favourable method to improve 
survival.
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In urban areas, we found that biennial mammography screening from age 45-70 years 
old is cost-effective given a threshold of 3GDP. However, we need to emphasize that this 
favourable cost-effectiveness result was achieved based on several assumptions. First, we 
assumed that sufficient mammography equipment is available and that all eligible women 
could get a mammogram. However, this seems to be unlikely. According to data published 
by WHO, in China there are only 0.5 mammographs for every 10,000 cancer patients (all 
types of cancer considered), while for countries like the Netherlands and USA, the numbers 
are at least ten times higher (5.3 and 84.9, respectively) [30]. A reasonable conclusion can 
be drawn that a tremendous investment in mammography equipment in China is required 
before mammography screening can be widely implemented. Thus, a budget impact analysis 
considering capital costs would be needed by policymakers. In addition, we assumed 
that all women who got a positive mammography test will receive timely diagnosis and 
treatment. However, as the cost of further diagnosis and treatment cannot be totally covered 
by insurance, the compliance rate of referral is rather low in China. Studies showed that 
the compliance rate of referral was even lower than 50% in large cities such as Guangzhou 
[31], and 50-55% of medical expenditure was paid by out-of-pocket money by breast 
cancer patients [32]. These findings suggest that great efforts should be devoted to improve 
the compliance rate by ensuring timely referral, raising the reimbursement rates and 
establishing more health education programs to the general population. In conclusion, apart 
from a well-organised screening program, a long-term effectiveness of mortality reduction 
of breast cancer in urban China can only be achieved with sufficient and accessible facilities 
and sufficient financial support for diagnosis and treatment, comprehensive healthcare 
networks, and appropriate health education programs for the general population [33].

In rural areas, it remains questionable whether a population-based screening program 
should be implemented. According to principles of screening proposed by Wilson and 
Jungner, screening should be applied only when enough facilities for diagnosis and 
treatment, and adequate financial support are in place [33]. However, it is unlikely the case 
due to limited medical resources such as facilities and human resources, and insufficient 
financial support in rural areas [34]. Although a screening trial based on clinical breast 
examination and ultrasound has been implemented, its effectiveness remained questionable 
as it can potentially do more harm than good given that the incidence of breast cancer is 
rather low in rural areas (22 per 100,000 women) and that too many false-positives can be 
introduced by ultrasound [29,35]. Therefore, instead of implementing a population-based 
screening program that requires a large amount of money, it might be more appropriate to 
improving accessible and affordable health care in case of symptoms. Currently barriers 
for breast cancer patients in rural areas include limited or no access to proper health care, 
lack of trained oncologists and specialised medication, and financial constraints [36-38]. 
Therefore, establishing accessible cancer care centres and providing financial support would 
be of great importance to ensure timely diagnosis and treatment for women living in rural 
areas. Additionally, improving disease awareness in the general population could also be 
a useful strategy of downstaging [38]. In summary, compared to screening a vast number 
of asymptomatic women in rural China, downstaging symptomatic cancers, and ensuring 
timely and adequate treatment are essential factors to reduce the burden of breast cancer 
disease and to possibly improve survival in a more cost-effective way. 
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Tailored screening for women with dense breasts

The limited performance of mammography in women with dense breasts has been well-
documented.  Although women with dense breasts suffer a higher risk to develop breast 
cancer, they do not obtain similar benefits from mammography screening as women 
with non-dense breasts, Therefore, tailored screening for women with dense breasts has 
been advocated for years. Before a tailored screening strategy for dense breasts can be 
implemented, there are several issues needed to address.

First, it is important to identify how breast density should be assessed for stratified 
screening. The current Breast Imaging Reporting and Data System (BI-RADS, fifth 
edition) suggests a more subjective four-category overall assessment (category A-D) rather 
than using the percentage of fibroglandular density [39]. Initially, the breast density was 
estimated visually. However, this method can be quite subjective and might therefore be 
less reliable and lead to inconsistent results among radiologists [40]. Recently, automated 
quantitative assessments tools became available which can provide reproducible and 
more reliable density percentages based on either area or volume. Ideally, the volume-
based approach provides the most accurate estimates of fibroglandular density although 
it has limited use in the current screening setting as the volume-based assessment relies 
on specific software and complex algorithms [41]. Several fully-automated software tools 
have been developed to assess volumetric breast density, and some of these software tools 
such as Quantra and Volpara are commercially available [42]. Although these automated 
methods have a high reproducibility, some studies suggested that the agreement between the 
software and qualitative expert assessment still needs to be improved (the weighted kappa 
value ranged from 0.32-0.61) [43,44]. Recently, Lehman et al proposed a deep learning 
algorithm to assess mammographic breast density. The deep learning model showed good 
agreement with a manual BI-RADS density classification of radiologists in more than 
10 000 consecutive mammograms (with a kappa value of 0.85) [45]. Therefore, it is 
promising to use artificial intelligence techniques for breast density classification and more 
studies on this topic are warranted.

Second, the age at which breast density should be assessed for screening stratification and 
the related screening frequency are also important issues that require further investigation. 
In Chapters 6 and 7, the initial age for screening stratification was set at 50 years old, as 
it is the recommended starting age for women at average risk in the Dutch population-
based breast cancer screening program. However, it is possible that more benefits and more 
favourable cost-effectiveness can be achieved if screening would be provided at an earlier 
age for women with dense or extremely dense breasts. A modelling study from the US 
suggested that breast density-stratified screening with baseline density assessment at age 
40 years will be more cost-effective than stratified screening at age 50 years [46]. Although 
the results cannot be directly transferred to other screening settings, modelling studies that 
evaluating the starting screening age and screening frequency for women with dense breasts 
are required to provide more evidence on the optimization of breast cancer screening [46].

Third, which screening modality should be used as an alternative to mammography is an 
ongoing debate. In this thesis, we have evaluated the cost-effectiveness of DBT and MRI 
in the general population and women with dense breasts. Compared with mammography, 
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both DBT and MRI showed promising results in the screening of women with dense or 
extremely dense breasts in terms of cost-effectiveness. However, other methods such as 
contrast-enhanced mammography (CEM) are not studied in this thesis. CEM is an emerging 
technique that uses iodinated contrast materials for the visualization of breast neovascularity 
in a fashion similar to MRI [47]. The cost of CEM is slightly higher than that of DM, and is 
much lower than that of MRI [48]. Although the effectiveness of using CEM in population-
based screening programs remains unknown, some studies suggests that the sensitivity of 
CEM and MRI is comparable in women at an elevated risk of breast cancer [49]. Therefore, 
CEM might be more cost-effective than MRI screening especially considering its lower cost 
[50]. In the future, studies that evaluate the effectiveness of CEM in a general population 
are warranted. Additionally, from a cost-effective perspective, comparisons among these 
three promising methods could provide more evidence on the preferred screening modality 
for women with dense breasts.

Conclusion

The work presented in this thesis provides evidence on the improvement of breast cancer 
screening practices in both the Netherlands and China. Specifically, for the Netherlands 
where a population-based screening program has been introduced for decades, a stratified 
screening strategy based on breast density can be a further improvement, and advanced 
screening modalities such as DBT and AP-MRI could be used as a cost-effective alternative 
to mammography in women with dense or extremely dense breasts. For urban China we 
found that mammography should be considered as a more favourable screening method than 
ultrasound, and biennial mammography screening from age 45-70 years old is economically 
attractive. Along with a well-organized screening program, providing sufficient facilities 
and financial support for diagnosis and treatment is also crucial to reduce mortality. For 
rural China, accessible and affordable health care and improved breast cancer awareness is 
of higher priority given the relatively low breast cancer incidence rate. 
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