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A B S T R A C T   

Due to COVID-19, the Dutch breast cancer screening program was interrupted for three months with uncertain 
long-term effects. The aim of this study was to estimate the long-term impact of this interruption on delay in 
detection, tumour size of screen-detected breast cancers, and interval cancer rate. After validation, the micro- 
simulation model SiMRiSc was used to calculate the effects of interruption of the breast cancer screening pro-
gram for three months and for hypothetical interruptions of six and twelve months. A scenario without inter-
ruption was used as reference. Outcomes considered were tumour size of screen-detected breast cancers and 
interval cancer rate. Women of 55–59 and 60–64 years old at time of interruption were considered. Uncertainties 
were estimated using a sensitivity analysis. The three-month interruption had no clinically relevant long-term 
effect on the tumour size of screen-detected breast cancers. A 19% increase in interval cancer rate was found 
between last screening before and first screening after interruption compared to no interruption. Hypothetical 
interruptions of six and twelve months resulted in larger increases in interval cancer rate of 38% and 78% be-
tween last screening before and first screening after interruption, respectively, and an increase in middle-sized 
tumours in first screening after interruption of 26% and 47%, respectively. In conclusion, the interruption of 
the Dutch screening program is not expected to result in a long-term delay in detection or clinically relevant 
change in tumour size of screen-detected cancers, but only affects the interval cancer rate between last screening 
before and first screening after interruption.   

1. Introduction 

Breast cancer is the second most occurring type of cancer worldwide 
and the leading cause of cancer-related death for women (Lauby-Sec-
retan et al., 2015). To increase the efficiency of treatment and increase 
the life expectancy through early-stage detection, screening programs 
were set up in many countries (Lauby-Secretan et al., 2015; IKNL, 2022; 
Vanni et al., 2020). The screening is associated with an average reduc-
tion in risk of death from breast cancer of 23% in western countries 
(Lauby-Secretan et al., 2015). With the rapid spread of the coronavirus 
disease 2019 (COVID-19), health care systems were pressured world-
wide (IKNL, 2022; Breast Screening Working Group (WG2) of the Covid- 

19 and Cancer Global Modelling Consortium et al., 2021). To reduce the 
pressure on health care, mitigate the spread of COVID-19, and reallocate 
staff and equipment to support COVID-19 care, multiple breast 
screening programs were interrupted. The interruptions lasted from one 
month in Australia, to up to six months in the United Kingdom (Breast 
Screening Working Group (WG2) of the Covid-19 and Cancer Global 
Modelling Consortium et al., 2021). In the Netherlands, the interruption 
lasted three months, from March 16 until Mid-June 2020 (IKNL, 2022). 
The Dutch breast cancer screening program invites all women of 50–74 
years for a mammographic examination (IKNL, 2022). 

The largest immediate consequence observed was a decrease in 
diagnosed breast cancer cases in 2020, with the largest decrease in 
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women eligible for screening and in low-stage breast cancers (IKNL, 
2022; Dinmohamed et al., 2020; Maringe et al., 2020; Eijkelboom et al., 
2021a; Zhou et al., 2022). In the Netherlands, the interruption was 
associated with a decrease in diagnosed cases from March until June 
2020 (IKNL, 2022; Eijkelboom et al., 2021a; Eijkelboom et al., 2021b). 
This observed decrease in breast cancer diagnosis raised the question if 
the interruption will also result in a long-term delay in detection and 
diagnosis of breast cancer (IKNL, 2022; Eijkelboom et al., 2021b). The 
first studies on the long-term effects of an interruption of the screening 
program showed a potential increase in mortality, but additional effects 
are unknown (Breast Screening Working Group (WG2) of the Covid-19 
and Cancer Global Modelling Consortium et al., 2021; Maringe et al., 
2020; Kregting et al., 2020; Yong et al., 2020; Sharpless, 2020; Duffy 
et al., 2021; Joung et al., 2022). Most studies on long-term effects found 
an expected increase in large-sized or late-stage breast cancer cases 
(Vanni et al., 2020; Yong et al., 2020; Cancer Counsil NSW, 2020; Rutter 
et al., 2018; Degeling et al., 2021). Conversely, others found that the 
interruption of the breast cancer screening program did not lead to an 
increase in large-sized or late-stage breast cancer (Filipe et al., 2020). 
Only a few studies have investigated the effect on incidence of screen- 
detected and interval cancers after interruption of screening, where an 
increase in breast cancer incidence is expected at some point (Yong 
et al., 2020; Cancer Counsil NSW, 2020). 

In daily practice, the long-term effects due to the interruption of 
screening will take long to show. To predict whether long-term effects 
will occur and, if so, when, a simulation model can be of use. A simu-
lation model also allows for varying input parameters, such as the 
characteristics of the interruption (i.e., length of the interruption) which 
makes comparisons with other screening programs possible. The previ-
ously validated Simulation Model on Radiation Risk and breast cancer 
Screening (SiMRiSc) (Wang et al., 2020; de Bock et al., 2013; Greuter 
et al., 2010) has been developed to provide information on the short- 
and long-term risks and benefits of different screening scenarios and can 
be used to simulate the effects of the three-month interruption of the 
Dutch breast cancer screening program and hypothetical interruptions 
of six and twelve months. 

This study aimed to estimate the long-term impact of the interruption 
of the Dutch breast cancer screening program due to COVID-19 on delay 
in detection, tumour size of screen-detected breast cancer, and interval 
cancer rate using the SiMRiSc model. 

2. Methods 

2.1. SiMRiSc model 

The SiMRiSc model was used to estimate the impact of the inter-
ruption on long-term delay in detection, tumour size of screen-detected 
breast cancer, and interval cancer rate of the Dutch breast cancer 
screening program. SiMRiSc is a micro-simulation Markov model. In 
SiMRiSc, women are modelled individually, each with their own risk to 
develop a breast cancer at a certain age, tumour growth (in case there is 
a breast cancer) and related detection by screening or self-detection, and 
life expectancy. The values for these parameters are based on distribu-
tions which are independently derived from published data and used to 
specify the population. Model input consists of parameters on popula-
tion incidence, tumour induction due to radiation, preclinical tumour 
growth, and mammography. 
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Table 2 
Sensitivity values for tumour diameters of 0.5, 1, and 2 cm per BIRADS category.  

Sensitivity (%) BIRADS density category 

Tumour size (cm) A B C D 

0.5 11.6% 10.0% 7.0% 3.7% 
1 60.7% 57.2% 48.9% 34.4% 
2 99.5% 99.4% 99.2% 98.7%  
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For this study, the input parameters were based on the Dutch pop-
ulation and the Dutch screening program in 2019 (Table 1). An addi-
tional risk of tumour induction due to the ionising radiation of 
mammography was also simulated (National Research Council, 2006). 
Screening sensitivity was dependent on tumour diameter and breast 
density (Table 2), which in turn both depend on age (Isheden and 
Humphreys, 2019). A participation rate of 75.7% was used. This meant 
that there was a probability of 75.7% for an individual woman to go to 
screening at a certain point in time. Furthermore, we assumed a 
screening interval of two years and 100% capacity after interruption. 
The screen-detected cancers simulated with SiMRiSc only included 
invasive tumours. A description of the model can be found in Appendix 
A.1. and more detail and previous validation of the SiMRiSc model can 
be found in previous studies (Wang et al., 2020; de Bock et al., 2013; 
Greuter et al., 2010). This study used publicly available anonymized 
data, thus was exempt from ethical compliance (IRB approval 
M22.302538 Medical Ethics Review Board Groningen, The 
Netherlands). 

2.2. Validation 

The model was validated by comparing the simulated results to the 
most recently published observed data of the Dutch screening program 
including the number of screenings per age group published by the 
National Evaluation Team for Breast cancer screening (NETB) from 2011 
(Fracheboud et al., 2014). The detection rate of screen-detected breast 
cancers stratified by age group and tumour size observed by the national 
screening program was compared to the detection rate from SiMRiSc. In 
addition, the interval cancer rate and number of false positives simu-
lated were compared to the number observed by the Netherlands 
Comprehensive Cancer Organisation (IKNL) in 2017 and 2019, respec-
tively (IKNL, 2021). 

2.3. Scenarios 

To estimate the impact of the screening interruption on the outcomes 
of the Dutch breast cancer screening, different scenarios were modelled. 
The effects of the three-month interruption of screening were simulated 
as a delay in screening, resulting in a three-month older age for each 
screened woman in each following round after restart. Hypothetical 
interruptions of six and twelve months were modelled similarly, to show 
the effect of longer interruptions and to give an indication on the effect 
of a delayed screening uptake and a reduced capacity after restart. As a 
reference, the screening without interruption was used. Each scenario 
was simulated ten times for 100,000 women. Also, an uptake of 39.2% 
was simulated, to investigate the effect of the lower participation 
(71.2%) and lower invitation (55.1%) of the screening program in 2020 
(IKNL, 2021). 

2.4. Outcomes 

The outcomes considered in validation were screen-detected breast 
cancers stratified to age and tumour size, interval cancer rate, and 
number of false positives (Appendix A.2.). For the long-term effects, 
screen-detected tumour size and interval cancer rate in detection rate 
were considered (Appendix A.2.). Women of 55–59- and 60–64-years- 
old at time of interruption from the last screening before up to third 
screening after interruption were considered. Interval cancers were 
defined as ‘non-screen-detected breast cancers diagnosed before next 
screening after a negative screening or false positive screening’. Delay of 
screening, therefore, will result in a longer period to detect interval 
cancers. 

2.5. Sensitivity analysis 

To determine the uncertainty in the outcomes of the model, a 

univariate sensitivity analysis was performed for screen-detected can-
cers, interval cancer rate, and false positives. The input parameters were 
changed one by one to their minimum or maximum estimates (95% 
confidence intervals) (Table 1) and the variation in the detection rate 
was recorded. 

3. Results 

3.1. Validation 

The simulated detection rate showed no significant deviations from 
the observed data for all age groups, interval cancer rate, and tumour 
size (Table 3). Only the simulated false positive rate was significantly 
larger than observed in the validation cohort. 

3.2. Interruption 

3.2.1. 3 months 
For an interruption of three months, no clinically relevant change in 

screen-detected tumour size was found in the first three rounds after 
interruption for women aged 55–59 (Fig. 1). Some large-sized tumours 
were detected one round earlier, but no change in incidence of large- 
sized tumours was found (Fig. 1C). The interval cancer rate increased 
with 0.29 (19%) before the first screening after interruption and no 
clinically relevant change was found between following rounds 
compared to a scenario without interruption (Fig. 2, Appendix A.3.1.). 
For women aged 60–64, the three-month interruption had similar ef-
fects, with an increase in interval cancer rate of 20% before first 
screening after interruption and a fluctuation in detection rate as a 
function of screening round for large-sized tumours (Appendix A.3.). For 
this age group, a small increase in middle-sized tumours of 0.11 in 
detection rate in the first screening after interruption was found (Ap-
pendix A.3.1., A.3.2.). 

3.2.2. 6 and 12 months 
For hypothetical interruptions of six or twelve months, the incidence 

of small-sized tumours was not affected in the first three rounds after 
interruption at age 55–59 at time of interruption (Fig. 1A). The detection 
rate of middle-sized tumours showed an increase of in the first screening 
after hypothetical interruptions of six and twelve months with 0.21 and 
0.37, respectively (Fig. 1B, Appendix A.3.1.). For the large-sized tu-
mours, again a fluctuation in detection rate as a function of screening 
round was found for an interruption of six months, but no clinically 
relevant change in incidence was found (Fig. 1C). An increased interval 
cancer rate of 0.57 (38%) and 1.15 (78%) between last screening before 
and first after interruption of six and twelve months, respectively, and 

Table 3 
Validation input parameters in detection rate per 1000 screened women.   

Observed SiMRiSc4 

Detection rate /1000 Detection rate /1000 (95% CI) 

Age group1 49 4.7 – 
50–54 3.5 3.4 (2.6–4.6) 
55–59 3.9 4.0 (3.2–5.0) 
60–64 5.3 4.8 (3.8–5.8) 
65–69 6.1 5.9 (5.0–7.7) 
70–74 6.3 5.9 (4.5–7.4) 
> 74 6.2 – 

Tumour size1 < 2 cm 3.9 3.7 (3.1–4.4) 
2–5 cm 0.8 0.93 (0.86–0.97) 
> 5 cm 0.1 0.05 (0.04–0.05) 

Interval cancer rate2 2.2 2.0 (1.7–2.2) 
False positives3 15.7 34.7 (29.7–39.7)  

1 Data NETB of 2011 (Fracheboud et al., 2014). 
2 Data IKNL of 2017. 
3 Data IKNL of 2019 (IKNL, 2021). 
4 Input parameters SiMRiSc based on 2019 (reference scenario). 
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no clinically relevant change between the following rounds was found 
(Fig. 2, Appendix A.3.1.). For 60–64-year-old women, the effects on 
interval cancer rate and middle-sized tumours were similar, but in 
addition an increase in detection rate of small-sized tumours of 0.19 and 
0.44 in the first screening after interruption was found for six and twelve 
months, respectively (Appendix A.3.). 

3.3. Uptake 

The lower uptake of 2020 showed an increased detection rate for 
middle- and large-sized tumours of 0.28 and 0.04, respectively (Table 4). 
The interval cancer rate increased with 3.1 (155%). No clinically rele-
vant change in detection rate was found for small-sized tumours and age 
groups. 

3.4. Sensitivity analysis 

The detection rate averaged over all age groups was most sensitive to 
the tumour doubling time for age groups 50–70 and > 70, with an in-
crease in detection rate of 15% for an increase in doubling time to its 
maximum estimate (Appendix A.3.4.). The detection rate per age also 
increased for an increase in lifetime risk, a decrease in mean and stan-
dard deviation in the onset age of breast cancer, a decrease in sensitivity 
BIRADS-B and -C, an increase in tumour induction risk/gray, and an 
increase in dose. The interval cancer rate depended on the same pa-
rameters as the detection rate for all age groups (Appendix A.3.5.). The 
number of false positives was mainly sensitive to the specificity >40 
years (Appendix A.3.6.). 

4. Discussion 

The aim of this study was to estimate the impact of the interruption 
of the breast cancer screening program on delay in detection, tumour 
size of screen-detected breast cancers, and interval cancer rate by 
simulating the effects with the previously validated SiMRiSc model. 
After successful validation of SiMRiSc with the updated input parame-
ters, for an interruption of three months, no clinically relevant change in 
screen-detected tumour size was found for a 3-month interruption, 
however an approximately 20% increase in interval cancer rate was 
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Fig. 1. Detection rate per 1000 screened women for no interruption, and an interruption of 3, 6, and 12 months at age 55–59 for A) small-, B) middle-, and C) large- 
sized tumours. 
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Fig. 2. Detection rate per 1000 screened women of interval cancers for no 
interruption, and an interruption of 3, 6, and 12 months at age 55–59 per 
screening round, where each screening round includes interval cancers detected 
in the period between previous and this screening round. 

Table 4 
Detection rate per 1000 screened women with the 75.7% uptake of 2019 
(reference scenario) and the 39.2% uptake of 2020.   

Detection rate /1000 (95% CI) 

Uptake 2019 (75.7%)1 Uptake 2020 (39.2%)1 

Age group 50–54 3.4 (2.6–4.6) 3.6 (2.5–5.0) 
55–59 4.0 (3.2–5.0) 4.4 (3.3–5.7) 
60–64 4.8 (3.8–5.8) 5.2 (4.0–6.8) 
65–69 5.9 (5.0–7.7) 6.6 (5.4–8.6) 
70–74 5.9 (4.5–7.4) 6.8 (4.8–9.2) 

Tumour size < 2 cm 3.7 (3.1–4.4) 3.8 (3.1–4.7) 
2–5 cm 0.93 (0.86–0.97) 1.21 (1.05–1.41) 
> 5 cm 0.05 (0.04–0.05) 0.09 (0.08–0.11) 

Interval cancer rate 2.0 (1.7–2.2) 5.1 (4.7–5.4) 
False positives 34.7 (29.7–39.7) 34.5 (29.5–39.4)  

1 Data IKNL (2021). 
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found before the first screening after interruption. For hypothetical in-
terruptions of six and twelve months, a small increase of middle-sized 
tumours in the first screening after interruption was found, in addition 
to a larger increase in interval cancer rate before the first screening after 
interruption. For women aged 60–64, an increase in small-sized tumours 
in the first screening after interruption was found. 

The limited estimated effect on tumour size and increase in interval 
cancer rate due to the interruption is in line with results from previous 
studies (Yong et al., 2020; Cancer Counsil NSW, 2020; de Bock et al., 
2013; IKNL, 2021). First, in our model, we found an increase in interval 
cancer rate between the last screening before and first screening after 
interruption and a sharper increase in interval cancer rate for a larger 
interruption time. This is in line with the used definition of interval 
cancers and the higher probability to develop an interval cancer within a 
longer interval. Furthermore, the simulation of the 3-month interruption 
did not show an increase in detection rate, which is in line with what was 
observed in the Dutch screening program (IKNL, 2022). Some screening 
programs have reported an increase in detection rate for a longer in-
terval (Yong et al., 2020; Mangone et al., 2022), which is also in line 
with our model results. We found that a small increase in detection rate 
is expected for 6- and 12-month interruptions. Moreover, our results of 
an interruption of three months having no clinically relevant effect on 
screen-detected tumour size correspond to the results of other Dutch 
studies and an Australian study, which also found no shift in size (IKNL, 
2022; Eijkelboom et al., 2021b; Cancer Counsil NSW, 2020; Filipe et al., 
2020). On the other hand, multiple international studies (from Italy, the 
United States, Canada, and Australia) found an increase in large-sized 
(Vanni et al., 2020) or late-stage tumours (Vanni et al., 2020; Yong 
et al., 2020; Rutter et al., 2018; Degeling et al., 2021) after interruption. 
Also, we found that the screen-detection of some large-sized tumours is 
expected earlier due to screening delay. Screen-detected large-sized 
tumours are often fast-growing tumours. Due to the delay, tumours can 
continue growing and the threshold of 5 cm for large-sized tumours is 
reached sooner. 

The different findings on the impact of an interruption on tumour 
size could be caused by variations in screening program and interruption 
lengths. Australia and Canada have comparable screening programs to 
the Dutch screening program, and had their programs interrupted for 
one and three months, respectively (Breast Screening Working Group 
(WG2) of the Covid-19 and Cancer Global Modelling Consortium et al., 
2021). Based on our model estimation no change in incidence of large- 
sized screen-detected cancer in the Dutch screening program was 
revealed with a three-month interruption. This would also be expected 
for the Canadian and Australian screening programs. The United 
Kingdom has a triennial screening, which was interrupted for six months 
(Breast Screening Working Group (WG2) of the Covid-19 and Cancer 
Global Modelling Consortium et al., 2021). Our results of a hypothetical 
interruption of six months were based on a biennial screening and 
therefore could give other results than for the screening program in the 
United Kingdom. For example, a triennial screening is associated with 
more interval cancers and an increase in small-sized tumours per round 
(de Bock et al., 2013; Canelo-Aybar et al., 2021), but also with larger- 
sized screen-detected cancers (Canelo-Aybar et al., 2021). For a six- 
month interruption of the Dutch screening program, increased 
numbers of interval and middle-sized tumours were found. 

This study focussed on the screening interruption, which was 
modelled as a delay of screening, in line with the Dutch program where 
all women were invited again as scheduled before the interruption. 
Other effects of COVID-19 were lower participation out of fear of 
infection and a lower capacity after restart of screening (IKNL, 2022). In 
the Netherlands, this resulted in a participation rate decrease of 75.7% 
to 71.2%, and only 55.1% of the women eligible for screening were 
invited (IKNL, 2021). This reduction in uptake resulted in an increased 
detection rate of middle- (0.28) and large-sized (0.04) tumours and an 
increased interval cancer rate (155%). 

Our results showed that a short screening interruption does not result 

in a clinically relevant change in screen-detected tumour size, and, 
therefore, suggests that a short screening interruption can be managed 
by just restarting and continuing the program. It is important that all 
women continue to be invited, including women invited for their last 
screening. Furthermore, it is crucial that the screening capacity is 
restored as fast as possible. 

4.1. Strengths and limitations 

This study showed multiple strengths to be considered when inter-
preting the results. The consequences of the interruption of the Dutch 
breast cancer screening program on delay in detection, screen-detected 
tumour size, and interval cancer rate were successfully estimated using 
SiMRiSc. SiMRiSc was validated for mammography breast cancer 
screening related research in previous studies (Wang et al., 2020; de 
Bock et al., 2013; Greuter et al., 2010; Koleva-Kolarova et al., 2018; Lu 
et al., 2012; Brokken, 2021). Furthermore, the SiMRiSc model could 
easily be adjusted to the studied population by changing the input pa-
rameters. Moreover, the model was not adjusted to fit with observed 
data, but all input parameters were derived independently from litera-
ture. To ensure the outcomes were reliable, a validation was performed, 
which showed the range modelled with SiMRiSc matched the observed 
values from NETB and IKNL. Also, a univariate sensitivity analysis was 
performed to study the influence of each input parameter and determine 
the uncertainty in the output. The influence of each parameter was 
consistent with previous literature (Wang et al., 2020; de Bock et al., 
2013; Greuter et al., 2010). In addition, for each simulation the average 
of ten iterations was presented, to ensure the standard error of the 
simulated outcomes was <5% of point estimate. 

This study also had some limitations that should be considered. First, 
validation of output showed a higher false positive rate than observed in 
the Dutch screening. Sensitivity analysis showed this was due to an 
imperfect specificity, although a higher specificity would not comply 
with the studied population. Therefore, false positives were not used to 
compare scenarios, which is known to be a limitation of the model 
(Wang et al., 2020; Koleva-Kolarova et al., 2018). Second, validation of 
the input parameters of SiMRiSc depended on available literature. For 
this study, the most recent data on age and tumour size in detection rate 
was of 2011, while the simulated scenario was of 2019 (Fracheboud 
et al., 2014). For the interval cancer rate and false positives data from 
2017 and 2019 was used, respectively (IKNL, 2021). Although the data 
came from different years, it is estimated that the results would be 
similar since the screening program has not changed. The participation 
rate was slightly higher in previous years, which could mean that the 
number of screen-detected cancers was slightly underestimated in the 
simulated data (IKNL, 2021). Third, this study only considered the 
interruption of the screening program. Other factors that could impact a 
delay in detection of screen-detected cancers, such as the limited ca-
pacity of the program after restarting, the Dutch screening temporarily 
extending the screening interval from two to a maximum of three years, 
or a lower participation rate, were not considered (RIVM, 2020). Fourth, 
a limitation of this modelling approach is that we could not provide 
insights on which restart strategies would work best. Finally, SiMRiSc 
did not include all types of screen-detected breast cancer, but only 
included invasive tumours, while ductal carcinoma in situ (DCIS) ac-
counts for over 20% of screen-detected cancers (Fracheboud et al., 2014; 
IKNL, 2021). Therefore, the effects of the changes of the Dutch screening 
program on detection of DCIS could not be considered. 

5. Conclusion 

In conclusion, the three-month interruption of the Dutch breast 
cancer screening program, resulting in an observed decrease in diag-
nosis in early 2020, is not expected to have long-term effects on the size 
of screen-detected cancers and long-term delay in detection. Only an 
increase in interval cancer rate of approximately 20% is expected 
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between the last screening before and first after interruption. After 
restarting the screening program, the number of tumours found is ex-
pected to return to comparable levels of previous years without inter-
ruption. Furthermore, no change in tumour size of screen-detected 
cancers is expected. If it is ever necessary to interrupt the program again, 
the screening program should be continued as soon as possible, since 
interruptions of six and twelve months showed larger impacts on tumour 
size and interval cancer rate. When extrapolating our results to other 
screening programs, differences in screening program (i.e., screening 
interval and age of invitation) should be considered. 
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